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Our reliance on rare earth elements (REEs) in modern technology, clean energy production 
and medical imaging is continually increasing. In the earth’s crust, REEs are present alongside 
one another and in low concentrations. This, combined with how chemically and physically 
similar REEs are to one another makes the separation and purification of REEs challenging. 
Therefore, to meet societies growing demand for REEs, it is crucial that new practices and 
reagents that can effectively separate and purify REEs are researched.  
Industrially, REEs are typically separated using solvent extraction where REEs initially leached 
(or solubilised) from ores into an aqueous phase are extracted (or transported) into an 
aqueous-immiscible organic phase by organophosphorus reagents. These organophosphorus 
reagents are not very selective and poorly discriminate between the often numerous REEs in 
the aqueous phase. 
Therefore, in this work, how an alternative reagent, an ammonium ionic liquid (IL), recovers 
REEs using solvent extraction is investigated using a large variety of analytical, spectroscopic 
and computational techniques. By understanding how ammonium ILs stabilise negatively 
charged, partially hydrated REE-nitrate anions in the organic phase, amido-ammonium ILs 
containing an amide group were developed for the selective extraction of lighter REEs. Why 
these amido-ammonium ILs more effectively distinguish between lighter and heavier REEs 
than standard ammonium ILs and organophosphorus reagents is investigated. The lighter 
REEs are understood to be stabilised in the organic phase by a hydrogen-bonding network 
and the structural functionality of the amido-ammonium ILs is found to be key to effective 
REE separation. 
Elevated temperatures and highly acidic solutions are typical choices for the industrial 
leaching of REEs and can be energy intensive processes. This work indicates that the leaching 
of REEs from a REE bearing mineral can be achieved using a mildly acidic solution of iron and 
acid generating bacteria at ambient temperatures. This bacteria assisted leaching process 
was found to couple well with the selective extraction of the lighter REEs by an amido-







The work presented in this thesis focuses on developing and understanding practices and 
reagents that can be more efficient at rare earth element (REE) recovery and separation than 
current industrial reagents and practices. With demand for REEs rapidly increasing due to 
their use in modern technologies and clean energy production, the sustainable supply of 
these elements has become vitally important for society.  
The concepts and difficulties that underpin current REE recovery are introduced in Chapter 2 
followed by an appraisal of how an ammonium ionic liquid (IL) transports these elements 
from an aqueous phase into an immiscible organic phase during solvent extraction. Prior to 
this work the extraction of REEs using ILs was known but an understanding of the chemical 
transport mechanisms was limited. A large variety of analytical, spectroscopic and 
computational techniques have been used: ICP-OES measurements confirmed that REE 
extraction from nitrate solutions is maximised under low acid, high salt conditions with 
preferential extraction of the lighter REEs occurring; Karl-Fischer water content 
measurements confirmed only modest water transport, allowing for (reverse)-micelle 
formation in the organic phase to be rejected. The combined experimental, analytical and 
computational data alludes to the transport of REEs through a microhydration mechanism 
pathway. Organic phase REEs comprising both inner-sphere bound water molecules and 
nitrate anions are encapsulated and stabilised in the organic phase by multiple lipophilic IL 
cations through a hydrogen-bonding network. 
Chapter 3 builds upon the understanding of REE extraction by ILs gained in Chapter 2. The 
extraction of REEs using neutral reagents (malonoamides and diglycolamides) is introduced, 
highlighting their effectiveness but also their tendency to form undesirable precipitates (3rd 
phase formation). Incorporating chemical characteristics of these reagents such as the amide 
functional group into an IL results in a stronger extractant with improved selectively for 
lighter REEs and no solubility issues. The effective separation of lighter REEs (e.g. Ce or Nd) 
from heavier (e.g. Tb or Dy) REEs using an amide functionalised IL is presented with potential 
industrial applications discussed. Experimental, analytical and computational work suggests 
microhydrated REEs are extracted and a more extensive hydrogen-bonding network 
comprising amides, nitrate anions and water molecules enhances the stability of the formed 




Chapter 4 compares the leaching of REEs from eudialyte, a zirconate REE mineral by highly 
acidic solutions against mildly acidic solutions containing the bacterial strain Acidithiobacillus 
thiooxidans. The percentage of REEs leached using mild conditions is noticeably reduced over 
highly acidic conditions. Even so, and with no pH adjustment, the leached lighter REEs could 
be effectively separated from other elements within the leach solutions using an amide 
functionalised IL, potentially providing a more environmentally friendly REE purification 
process. 
Chapter 5 explores the development of multiple variations of the amide functionalised ILs 
introduced in Chapter 3, highlighting their similarities and differences. The variants include 
the incorporation of more amide functionalities and increasing the lipophilicity of the ILs. 
While initial screening of these reagents did not indicate any improvements over the ILs 
introduced in Chapter 3, the experimental data collected for these reagents helps to validate 
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1.1 The rare earth elements 
The rare earth elements (REEs), comprising the lanthanide series, Sc, Y and La, are now crucial 
to our society and the modern technological world. From electrical equipment to power 
generation and medical imaging, our dependence on these unique elements is continually 
increasing.1, 2  
The elements in the lanthanide series, in addition to s, p and d orbitals, have a total of seven 
4f-orbitals and these are fz3; fxz2; fyz2; fxyz; fx(x2−3y2); fz(x2−y2); and fy(3x2−y2) (Figure 1.1.1). 
 
Figure 1.1.1 – The seven f-orbitals: fz3; fxz2; fyz2; fxyz; fx(x2−3y2); fz(x2−y2); and fy(3x2−y2). 
Unlike the d-orbitals of transition metals, the f-orbitals are typically non-bonding and the 
splitting of the degenerate f-orbitals in crystal fields is small with oct often being only around 
1 KJ mol-1. This results in coordination numbers and geometries being dominated by steric 
effects rather than crystal field stabilisation effects. 
The f-orbitals of REEs are ineffective at shielding the nuclear charge and this results in a 
gradual decrease of the ionic radii across the f-block group from La3+ (103 pm) to Lu3+ (86 pm) 
and, in doing so, allows for a small variation in the charge density. From left-to-right (La to 
Lu) the relative Lewis acidity of the element increases.3 Despite this, the lanthanide series 
elements (plus Sc, Y and La) all have similar chemical and physical properties. The melting 
points, boiling points, reactivity, coordination numbers and geometries of REEs are broadly 
fz3  fxyz
 
fxz2 fyz2  fy(3x
2- y2)  fx(x2- 3y2) 
 fz(x2- y2) 
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similar. Additionally, many of the REEs have unique and almost unrivalled magnetic and 
optical properties resulting in REEs being ideal candidates for numerous roles.4, 5  
The magnetic coercivity, or the ability to withstand an external magnetic field, of REEs such 
as Nd is very high resulting in them being ideal candidates for the high strength magnets that 
are found in MRI scanners, hard disk drives and generators.6 A Nd based REE magnet is not 
exclusively Nd, instead being an alloy with Fe (70%) as the main component. About 1% B is 
present and small quantities of heavier REEs (e.g. Dy) are added to raise the Curie 
temperature threshold (the temperature at which NdFeB ceases to be permanent magnet).7, 
8 REEs such as Nd substantially enhance magnetic coercivity through “the interaction of their 
anisotropic (directionality dependant) f-electron clouds with the crystal electric field of 
surrounding charges”.9 Combining this with spin-orbit coupling results in strong REE magnetic 
moments in a singular direction and a significant amount of energy is required to disrupt this. 
NdFeB magnets have largely replaced older SmCo magnets due to their competitive price 
and superior performance but SmCo magnets retain niche uses in high temperature 
situations as of their greater Curie temperature threshold.  
Within medical imaging, specifically MRI, contrasting agents such as the 8-coordinate 
Gd[DOTA]Na complex (Figure 1.1.2) help to reduce the T1 relaxation times of protons within 
water molecules and provide an image of greater resolution. Gd is the only known element 
(excluding the extremely radioactive Cm) that, as a stable 3+ ion, has 7-unpaired f-electrons. 
This large paramagnetic character reduces the T1 relaxation time of water molecules during 
the MRI scan by providing a large fluctuating magnetic field.10 
 
Figure 1.1.2 – Gd[DOTA]Na. A MRI contrast agent. 
The optical properties of the REEs and their widespread use in lighting and data transmission 
is due to their luminescent properties.11 REE ions often display both fluorescence and 
phosphorescence, making them particularly suited to the role. Upon absorbing 
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electromagnetic radiation, an electron is excited from the ground state of the REE into an 
excited state. These are f-f electronic transitions and, due to the 4f electrons being generally 
unaffected by environment, result in sharp bands in the electromagnetic spectrum that are 
usually independent of complex formation.3 4f-5d electronic transitions are possible but 
these are much broader and are affected by complexation. While ligands rarely affect f-f 
electronic transitions directly, ligands can absorb electromagnetic radiation and transfer this 
electromagnetic radiation to the REE ion, and in doing so, can cause emitting excited levels 
to be populated.12 
The use of REEs in magnets and phosphors by value totals over two thirds of the market share 
of REEs with the market demand for REE magnets expected to continue to grow until at least 
2035, highlighting the economic importance of these products.7 The REEs that contribute 
substantially to these two markets will be the focus of this thesis with other REEs occasionally 
referenced.  
Despite the term ‘rare earth’ the REEs are not ‘rare’. Their total global abundance is 
estimated at 150 Mt, with most REEs being comparable in abundance to 1st row transition 
metals such as Co and Ni (Figure 1.1.3).13, 14 
 
Figure 1.1.3 – The abundance of elements relative to 106 atoms of Si. REEs are in blue.13, 14 
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The term ‘rare earth’ has remained due to the low economic viability of many REE ore 
deposits thus restricting investment into excavation and mining operations. Few locations 
globally have REE deposits of significant concentrations, with many deposits instead 
consisting of very low concentrations of ores.14 Even the most REE-rich ore deposits on 
average only have an ore grade of 1-3%, with this predominantly comprising lighter REEs (La, 
Ce, Pr and Nd). This contrasts to traditional base metal mines that in the past had substantial 
ore grades up to 10% for Cu and up to even 70% for Fe.15 
Since the early 2000’s China has been the near sole producer of REEs (Figure 1.1.4).14, 16 In 
2019, China produced >130 Kt of REEs and their closest competitor the USA, who recently 
restarted REE mining operations due to increased economic viability, produced around 26 
Kt.17  
Figure 1.1.4 – The total mining (tons) of REE by country in 2019.17 
The near total monopoly of supply by one country, in this case China, has resulted in REE 
dependent industries being exposed to substantial market volatility.18 In response to the 
potential risk to supply, and the inherent difficulties in purifying REEs and separating REEs 
from one another, both the U.S department of energy and the European commission have 
highlighted their strategic importance.14 In the medium-term it is feared that the demand for 
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Figure 1.1.5 – The medium-term supply risk for elements in relation to their importance to 
clean energy.14 
The very similar chemical and physical properties of the REEs results in many REEs being 
contained within the same ores and minerals. This makes REEs purification and separation 
particularly difficult. The techniques currently applied industrially for REE purification and 
separation will be discussed throughout this thesis. 
1.2 Hydrometallurgy overview 
Hydrometallurgy is a branch of extractive metallurgy used industrially to recover, purify and 
separate metals through aqueous processes. This is an alternative to pyrometallurgy that 
uses elevated temperatures and large amounts of energy while simultaneously generating 
significant quantities of air pollutants (e.g. SO2). Furthermore, pyrometallurgical processes 
require comparatively high initial concentrations of the target metal. Hydrometallurgy is 
more suited to lower initial metal concentrations and, by recycling and reusing reagents, can 
achieve lower overall emissions and greater materials balance.19  
A typical hydrometallurgical (Figure 1.2.1) operation to obtain pure metals from primary 
sources (e.g. ores) or secondary sources (e.g. scrap metal) consists of several stages.19 
Chapter 1: Introduction 
7 
 
Figure 1.2.1 – A typical hydrometallurgical flowsheet for the purification of a metal from a 
primary or secondary source.19 
In most hydrometallurgical processes, metals are initially solubilised (or leached) into an 
aqueous solution using a strong acid or strong base in the ‘leaching stage’ (Figure 1.2.1). This 
results in an aqueous solution containing the leached metals (the pregnant leach solution, or 
PLS).  
As both primary and secondary sources can contain a mixture of different metals at low 
concentrations, metals must be the separated from one another in order to obtain pure 
metals. The separation step of a hydrometallurgical flowsheet (Figure 1.2.1) may involve, in 
a non-exhaustive list, crystallisation, distillation or solvent extraction, either exclusively or 
sequentially. Separation using solvent extraction will be the focus of this thesis and will be 
introduced further in section 1.4.  
Following a separation step, the reduction of the targeted metal to its zero-oxidation state 
can be required. A typical industrial choice for this is electrowinning and involves the 
electrodeposition of metals onto a cathode following the application of a current through a 
solution containing the target metal. Electrowinning is particularly effective for the 
separation of Cu from Ni as Cu is electrodeposited while Ni remains in solution. This is as the 
two electron reduction of Cu2+ has a positive reduction potential (+0.34 E°/V) but the two 
electron reduction of Ni2+ has a negative reduction potential (–0.26 E°/V). Once the target 
metal is as its zero oxidation state it can then be used in further industrial applications. 
A typically industrial REE purification and separation flowsheet that incorporates the stages 
provided in Figure 1.2.1 actually consists of many more stages, with the complete industrial 
process being particularly complex. Of the stages given in the flowsheet below (Figure 1.2.2) 
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only those associated with the leaching (section 1.3) and solvent extraction (section 1.4) of 
REEs will be regularly discussed throughout the thesis. The remaining stages will be 
occasionally mentioned.1 
 
Figure 1.2.2 – A typically industrial REE purification and separation flowsheet. In this 
flowsheet, Eu is the target REE, starting from bastnaesite a REE fluoride carbonate mineral.1  
1.3 Leaching and biological leaching 
1.3.1 Leaching overview 
The leaching of metals requires a source of acid or alkali (section 1.2).19 The choice of acid or 
alkali is largely dependent on the target metal and how the metal will be processed in further 
downstream operations. Leaching with chloride media is generally the industrial choice for 
precious metals such as Pt and Rh, sulfate media for base metals such as Cu and Ni while 
alkaline or sulfate media are typical for the REEs.1, 16, 20-24  
1.3.2 Industrial base metal leaching 
Heap leaching (Figure 1.3.2.1) is a common industrial leaching option, especially for base 
metals, due to a relatively low initial capital cost and minimal subsequent maintenance.25 In 
heap leaching, a crushed metal source is first placed on an impermeable surface with a slight 
gradient and a leach solution is sprayed or drip irrigated.26 The leach solution then percolates 
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through the heap, dissolving the target metal and other metals, resulting in a mixed metal 
solution that is collected by gravity and further processed.  
 
Figure 1.3.2.1 – A highly simplified schematic for the heap leaching of metals from primary 
or secondary sources. 
1.3.3 REE industrial leaching 
Industrially heap leaching of REEs is uncommon. Instead, REE sources, such as monazite or 
xenotime (two REE-phosphate minerals), are often leached using highly concentrated H2SO4 
(95% w/w) at elevated temperatures (250 °C) (Equations 1.3.3.1 and 1.3.3.2).27 The process 
is very quick, with complete leaching being achieved within a few hours. The resulting REE 
sulfate concentrate is then diluted in water, leaving by-products such as Si and Zr compounds 
mainly undissolved. 
Eq. 1.3.3.1 –   2 REE(PO4)(s) + 3 H2SO4(aq)  REE2(SO4)3(s) + 6 H+(aq) + 2 PO43–(aq) 
Eq. 1.3.3.2 –   REE2(SO4)3(s) + n H2O  2 REE.xH2O3+(aq) + 3 SO42–(aq) + (n-x) H2O 
An alternative industrial operation involves heating REE sources in concentrated NaOH to 
150 °C. This results in REE(OH)3 solids that are subsequently dissolved into very dilute H2SO4 
(Equations 1.3.3.3 and 1.3.3.4).27 
Eq. 1.3.3.3 – REE(PO4)(s) + 3 NaOH(aq)  REE(OH)3(s) + 3 Na+(aq) + PO43–(aq) 
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Eq. 1.3.3.4 – 2 REE(OH)3(s) + 3 H2SO4 (aq) + n H2O  2 REE.xH2O3+(aq) + 3 SO42–(aq) + (n-x+3) H2O 
1.3.4 REE leaching from secondary sources 
Currently, there are no substantial industrial scale leaching processes of REEs from secondary 
resources such as NdFeB magnets, waste fluorescent lighting or Ni-metal hydride batteries. 
Less than 1% of REEs are currently recycled but the leaching of REEs from secondary 
resources has been well studied.2, 28 
The near total dissolution of powdered NdFeB magnets using concentrated H2SO4 has been 
achieved in a process similar to that used for primary REE sources, with >99% of the 
respective REEs (Nd, Pr, Dy and Gd) leached under optimised conditions.29 In a proof-of-
concept study, NdFeB magnets have been leached using HCl/NH4Cl (12 and 3.5 M).30 The non-
REE components of NdFeB magnets were removed from the leach solution by contact with 
an organic phase leaving the REEs in the leach solution. REEs were then precipitated using 
oxalic acid, regenerating HCl to allow for future magnet leaching. Separation will be discussed 
in section 1.4.  
Red, blue and green phosphor powders within fluorescent lighting contain significant 
quantities of REEs but highly toxic Hg can be present too. While HCl (0.5 – 4.0 M) readily 
leached Y, Eu and Gd (up to 99%), up to 90% Hg was co-leached. Replacing HCl with HNO3 
reduced the leaching of Hg to below 25% while maintaining REE leaching (Figure 1.3.4.1).31 
At low acid concentrations, Gd was poorly leached compared with the other REEs (Y, Eu) 
suggesting a degree of selectivity in the leaching process. The ease of leaching Y and Eu when 
compared to other REEs is reported in other studies.32 Y and Eu were readily leached (>95%) 
from red phosphor powders using HCl (3 M) while almost all Ce and Tb (>90%) remained as 
an insoluble residue. 
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Figure 1.3.4.1 – The leaching of REEs and Hg from fluorescent lamp waste using HCl or HNO3 
(0.5 – 4.0 M).31 
1.3.5 Bioleaching 
The concentrated acid solutions used in industrial leaching processes can result in significant 
environmental impacts including contamination of the surrounding landscape. Bioleaching 
(or bacteria assisted leaching) can help to lessen the environmental impacts as the acid 
concentrations are generally much lower. Bioleaching has been used to leach metals 
including Au with the bacterium Chromobacterium violaceum and Re with the bacterium 
Bacillus megaterium. These are cyanogenic bacteria and produce cyanide that, while very 
toxic, is an effective leaching reagent for Au and Re. 33, 34 
The greatest commercialisation of bioleaching technology is in the Chilean Cu mining 
industry, an industry that supplies over a third of the world’s Cu.35 Bioleaching processes are 
essentially heap leaching processes but due to the lower acid concentrations the timescales 
are usually an order of magnitude longer.36 In the Chilean mining landscape, bacteria such as 
Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans occur naturally. These 
aerobic bacteria species are autotrophic, producing their own energy using the oxidation of 
iron and sulfur and thrive under acidic conditions (approx. pH 1-2).37 
Due to the non-aseptic nature of heap bioleaching in Chilean Cu mining operations there is a 
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in multiple equations and chemical reactions being associated with one heap leaching 
operation (see equations 1.3.5.1 to 1.3.5.4).38 
Eq. 1.3.5.1 –   CuFeS2 + 4 Fe3+  Cu2+ + 2 S + 5 Fe2+ 
Eq. 1.3.5.2 –   2 Fe2+ + 2 H+ + ½ O2  2 Fe3+ + H2O (bacteria-catalysed step) 
Eq. 1.3.5.3 –   2 S + 3 O2 + 2 H2O  2 SO42– + 4 H+ 
Eq. 1.3.5.4 –   CuFeS2 + 2 Fe3+ + 3.5 O2 + H2O  Cu2+ + 3 Fe2+ + 2 H+ + 2 SO42– 
Acidithiobacillus ferrooxidans bacteria catalyse the leaching of Cu into solution starting from 
CuFeS2 (chalcopyrite). The specific role of the bacteria is to catalyse the oxidation of Fe2+ to 
Fe3+ (eq. 1.3.5.2) and this allows for greater availability of Fe3+ to further solubilise CuFeS2.38 
The overall equation (Eq. 1.3.5.4) indicates that the process produces acid and this increases 
the rate of Cu leaching.  
CuFeS2 is the most common deposit of Cu but CuFeS2 is not commonly bioleached due to 
slow leaching rates that are a result of water insoluble KFe3(OH)6(SO4)2 (jarosite) formation 
on the CuFeS2 surface when the Fe3+ concentration is high.36, 38 Substantially more operations 
currently bioleach Cu2S (chalcocite) that has an average leach reaction rate that is 5x faster, 
bioleaching 80% of the available Cu within six months under optimised conditions. 
1.4 Solvent extraction – separation and concentration 
Regardless of how metals are leached into an aqueous phase, a subsequent separation step 
is usually required in order to remove the target metal from unwanted impurities. This 
separation can be achieved using solvent extraction (Figure 1.4.1).  
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Figure 1.4.1 – A representation of the steps involved in the separation of La using solvent 
extraction from an aqueous leach solution containing La and Dy. 
In a solvent extraction process the aqueous leach solution, often containing many metals and 
impurities, is contacted with an aqueous-immiscible solvent that contains an extractant. 
Industrially the immiscible phase is a high boiling, hydrophobic organic solvent such as 
kerosene.7, 39 An extractant is a ligand or receptor that ideally targets one metal species, 
extracting (or transporting) the target metal from the aqueous phase into the organic. When 
% extraction is mentioned this is the amount, as a %, of the total target metal that has been 
extracted by the extractant from the aqueous phase into the organic phase. 
During extraction the two phases, are thoroughly mixed allowing the extractant to form an 
organic phase complex or assembly with the target metal, leaving unwanted metals and 
impurities in the aqueous phase. The phases are physically separated and the target metal-
containing organic phase is then treated (usually with a fresh aqueous phase) to return the 
metal back to the aqueous phase allowing further isolation of the metal e.g. by reduction. 
This step is named back-extraction or stripping and regenerates the extractant so that the 
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For the solvent extraction process to be efficient the extractant must: 
 Have aqueous insolubility  
o By introducing lipophilicity into the extractant by addition of branching alkyl 
‘grease’ chains this can be achieved. Too many polar groups in the extractant 
may result in significant aqueous solubility. 
 Target only one metal 
o  Through exploiting variations in metal oxidation states, geometries, sizes 
and overall charges an extractant can be tailored to selectively extract one 
metal only. 
 Be aqueous stable 
o The extractant should be hydrolytically stable during use otherwise 
degradation can occur resulting in a poor materials balance. Functional 
groups susceptible to acid or base hydrolysis should be avoided. 
 Achieve quick, atom economical loading  
o Following contact with the aqueous phase the organic phase should quickly 
separate from the aqueous phase. Furthermore, a low concentration of 
extractant should ideally extract a high concentration of metal.  
1.5 Modes of metal extraction 
1.5.1 Overview 
Industrially, there are several modes of metal extraction and >40 commercial extractants.40 
A metal can be transported from the aqueous phase to the organic phase through cation 
exchange, metal-salt solvation or anion (metalate) extraction.19 The mode of extraction 
depends on the class of extractant used. The extractant chosen is dependent on the aqueous 
phase composition and the target metal. Differing modes of metal extraction will be 
introduced in this section and discussed more thoroughly in following chapters. 
1.5.2 Metal cation extraction 
To extract metals through a cationic exchange pathway, the extractant of choice should be 
sufficiently acidic to allow for deprotonation into a mildly acidic aqueous phase.19 
Deprotonated extractants then coordinate inner-sphere to the target metal cation resulting 
in a charge-neutral assembly at the organic-aqueous interface. This complex is then 
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transported into the organic phase with the proton now residing in the aqueous phase. For 
M2+, two singly deprotonated extractants (L–) are required (Eq. 1.5.2.1). 
Eq. 1.5.2.1 –    M2+(aq) + 2 LH(org) ⇌ ML2(org) + 2 H+(aq) 
This equilibrium is pH dependant. An increasing quantity of metal is transported into the 
organic phase as the pH is raised. At higher pH, a lower concentration of available H+ is 
present resulting in the equilibrium (Eq. 1.5.2.1) shifting to the right promoting the extraction 
of M2+ and loss of H+.19 Removing the metal (M2+) from the organic phase requires a fresh 
aqueous phase of a lower pH (higher H+ concentration). 
Some examples of cation exchange extractants include hydroxy-oximes, carboxylic acids and 
organophosphorus reagents (section 2.1) (Figure 1.5.2.1).1, 19, 41  
 
Figure 1.5.2.1 – The general structures of some cationic extractants: (left – right) carboxylic 
acid; hydroxy-oxime; organophosphorus reagent (R = alkyl chain). 
Cation exchange extractants are usually chelating ligands and coordinate through two or 
more atoms (usually N, O or S). This entropically drives the reaction equilibrium to the right 
as monodentate binding ligands such a Cl– or H2O in the aqueous phase are substituted by 
bidentate or multidentate ligands. In addition to inner-sphere chelation, outer-sphere 
interactions can further stabilise the metal-ligand complexes in the organic phase, and in 
some instances, enhance selectivity.20 
A prime example of outer-sphere interactions enhancing extraction and selectively is in the 
extraction of Cu2+ with a phenolic oxime (Figure 1.5.2.2), a class of reagent currently used in 
the production of >25% of the world’s Cu supply.19  Outer-sphere hydrogen-bonding 
interactions between oximic hydrogens and phenolic oxygens reinforce the square planar 
geometry with a defined, pseudo-macrocyclic cavity size.20 As of this, metal cations that 
adopt square planar geometries (e.g. Cu2+) are selectively transported over those that adopt 
tetragonal geometries such as Zn2+. 




Figure 1.5.2.1 – The pseudo-macrocyclic complex formed between Cu2+ and two phenolic 
oxime ligands (R = alkyl chain). 
1.5.3 Anion extraction 
Under high anion concentrations some metals, such as platinum group metals (PGMs) (e.g. 
Pt, Ir and Rh), can form halometalate anions MXny– (where X is an anion, n > 1 and y > 0) in 
the aqueous phase.24, 42, 43 The ‘X’ anion is often Cl–, as a result of HCl leach streams.24 In the 
case of PGMs, comparatively slow ligand exchange rates result in kinetically inert metalates. 
This means PGM extraction by a cation exchange mechanism where inner-sphere ligands are 
substituted is not practical.44, 45 Instead, PGM metalates, are transported into the organic 
phase by a basic extractant (typically an amine or amide) that is protonated by the acidic 
aqueous phase.19, 20 For a six coordinate, octahedral 4+ metal (M), the formation of the 
metalate (MX62–) and subsequent extraction by a basic extractant (L) can be expressed by the 
simplified equations: 
Eq. 1.5.3.1 –    M4+(aq) + 6 X–(aq) ⇌ MX62–(aq) 
Eq. 1.5.3.2 –    MX62–(aq) + 2 H+(aq) + 2 L(org) ⇌ (LH)2MX6(org) 
The negatively charged metalate must be balanced by protonated extractants to form a 
neutral assembly that is stable in the organic phase. The protonated extractants associate 
with a metalate through outer-sphere, supramolecular interactions such as electrostatics and 
hydrogen-bonding. 
Recent advances in anion recognition and the understanding of selective anion receptors 
within supramolecular chemistry have resulted in the design of ligand systems that 
discriminate effectively between different anionic species.46-48 A high level of discrimination 
is essential given that large excesses of non-metalate anions are required in the aqueous 
solution (e.g. Cl–) in order to form the target metalate. An example of this is in the recovery 
of Pt when starting from high Cl– solutions. While simple amines are ineffective at 
discriminating between the PtCl62– metalate and Cl–, an amidoamine ligand provides effective 
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transportation of Pt.23 The striking selectivity for Pt arises from the feature of the 
amidoamine ligands (Figure 1.5.3.1) to protonate at the amine and form intramolecular 
“proton chelates”.49 
 
Figure 1.5.3.1 – An unprotonated (left) and protonated (right) amidoamine used for the 
selective extraction of Pt from chloride media.24 
This “proton chelation” results in the favourable alignment of an array of C-H groups towards 
the comparatively ‘soft’ charge diffuse PtCl62– anions rather than towards ‘harder’ charge 
dense highly abundant Cl– anions.24, 49 While an individual N-H-PtCl62– interaction is strong, 
the multiple weaker, and non-classical C-H-PtCl62– interactions provide a significant 
contribution to the total stability, as determined by DFT calculations. In contrast, DFT 
calculations indicated that for chloride only a single N-H-Cl– interaction occurs (Figure 1.5.3.2) 
resulting in the formation of amidoamine-Pt assemblies being substantially more favourable.  
 
Figure 1.5.3.2 – A comparison of the DFT optimised structures of an amidoamine-PtCl62− 
complex and amidoamine-Cl complex and a visualisation of NH-OC, NH-Cl and CH-Cl 
interactions.24 Elements are coloured as C (grey), H (white), O (red), N (blue), Cl (green) and 
Pt (silver). 
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1.5.4 Metal salt extraction (solvation) 
Metal salt extraction relies on the removal of water molecules from the inner-coordination 
sphere of metals and their replacement with coordinating neutral ligands or anions present 
in the aqueous phase. The coordinating ligands can be considered to ‘solvate’ the metal in 
the organic phase by creating an organic-soluble complex.50 
In overall charge neutral macromolecular frameworks, features of both cation and anion 
extraction are used to allow for discriminatory accommodation of cations and anions. The 
cations and anions reside in well separated binding pockets suited to their size and chemical 
properties. The removal of Au as AuBr4– along with the counter cation K+ as K(H2O)6+ from an 
aqueous phase also containing Pt and Pd through the incorporation of KAuCl4 into -
cyclodextrin provides effective separation.51 The KAuCl4--cyclodextrin complexes (Figure 
1.5.4.1) instantaneously form and precipitate upon mixing, forming large ‘cable-esque’ 
structures with Pt and Pd remaining in solution.  
 
Figure 1.5.4.1 – Side-on-view of the interaction between -cyclodextrin, AuBr4– and 
K(H2O)6+.51 -cyclodextrin elements are coloured as C (black) and O (red). Hydrogens are 
hidden for clarity. 
Some reagents that extract metals through a metal salt pathway also transport significant 
amounts of water into organic phase. These reagents include tributylphosphate and 
diglycolamides, and the mode of action results in the formation of ‘reverse’-micelles.43, 52, 53 
Reverse-micelles often result in poor selectively as the water ‘pool’ can often accommodate 
multiple anions and cations with little discrimination, and will be discussed later. 
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While Cu is often extracted industrially through metal cation exchange (section 1.5.2), slight 
modifications to phenolic oximes allows for Cu extraction through a metal salt pathway.19, 20 
Using a zwitterionic ligand (Figure 1.5.4.2), where phenolic oxygens are deprotonated and 
pendant amine groups are protonated, CuSO4 is readily extracted from an acidic aqueous 
phase.54, 55 In this case, the Cu2+ cations occupy the N2O22– cavity while SO42– anions bind 
through hydrogen-bonding interactions to the two protonated amine groups.  
Figure 1.5.4.2 – A phenolic oxime analogue (left), the zwitterionic form (centre) and the 
zwitteironic-CuSO4 complex (right).20, 54 
An industrial process that extracts Cu through a metal salt pathway is the CUPREX process. 
Using a neutral ligand CLX50 (didecyl pyridine-3,5-dicarboxylate), CuCl2 is extracted from 
chloride solutions resulting in a 4-coordinate CuCl2[CLX50]2 complex. 
Eq. 1.5.4.1 –   Cu2+(aq) + 2 Cl–(aq) + 2 CLX50(org) ⇌ CuCl2[CLX50]2(org) 
One advantage of this process over cation exchange is that protons are not transferred to 
the aqueous phase over time. This removes the need for pH adjustment during the solvent 
extraction process.  
1.6 Thesis aims and layout 
This thesis will explore the recovery and separation of REEs by alternative techniques and 
reagents to those currently used industrially. 
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Chapter 2 investigates how an effective, but currently poorly understood, ionic liquid reagent 
that only contains carbon, hydrogen, oxygen and nitrogen (CHON) atoms extracts REEs from 
mildly acidic salt solutions. A range of analytical and computational techniques are applied 
and discussed in order to gain chemical insight into the mode of REE extraction and of the 
assemblies that form in the organic phase throughout the recovery process. 
Chapters 3 and 5 build upon the chemical understanding established in Chapter 2 to develop 
new ionic liquid reagents that include greater functionality such as amide groups. Some of 
the modified reagents exhibit strong selectivity for lighter REEs over heavier REEs and nitric 
acid. A range of techniques are applied to rationalise why the modified reagents display 
differing chemical behaviour to that of the unfunctionalized ionic liquid in chapter 2. 
Potential industrial applications are discussed. 
Chapter 4 considers the feasibility of leaching REEs from a REE containing mineral (eudialyte) 
under very mild conditions compared with those used industrially. In this case, an 
autotrophic bacterium fuelled by aqueous FeSO4 is used to leach the REEs instead of elevated 
temperatures and concentrated acid. From the resulting leach solution, the separation of the 
lighter REEs is achieved, demonstrating the feasibility of recovering REEs using milder 
conditions.
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2 Understanding REE recovery using trioctylmethyl 
ammonium nitrate 
2.1 Current reagents for REE recovery 
Rare earth elements (REEs) are predominately extracted during industrial separation and 
concentration processes by organophosphorus compounds such as di-(2-
ethylhexyl)phosphoric acid (D2EHPA) (Figure 2.1.1) that exploit cation exchange mechanisms 
or Cyanex 925 that is neutral and extracts REEs through solvation.56, 57 
 
Figure 2.1.1 – Organophosphorus compounds used industrially for the separation and 
concentration of REEs: D2EHPA (left); Cyanex 925 (right).  
The recovery of REEs using D2EHPA is relatively well understood and is known to initially 
involve the transport of REE3+ cations into the organic phase accompanied by the transfer of 
three protons to the aqueous phase to compensate and charge balance (equation 2.1.1).58 
Following transport into the organic phase by D2EHPA, REE cations have been shown to be 
fully dehydrated through using time-resolved laser induced fluorescence in combination with 
IR spectroscopy.59 
Eq. 2.1.1 –  REE3+(aq) + 3+x(D2EHPA)(org) ⇌ REE(R2PO2)3(R2PO2H)x(org) + 3 H+(aq) 
The analysis of the gradient of the line created from plotting log([organic metal]/[aqueous 
metal] against log(H+), or ‘slope analysis’ was originally used to determine the mode of REE 
extraction.19 This is complicated by the characteristic of D2EHPA to self-associate to form a 
stable dimer in non-polar, water-immiscible solvents (Figure 2.1.2).60 Upon extraction, and if 
the organophosphorus compound remains in excess, retention of one of the hydrogen bonds 
can be observed. This results in the organic phase hosting REE complexes of the very general 
formula REE(R2PO2)3(R2PO2H)x where some hydrogen bonds are retained and others are 
lost.39 Generally though, x in the formula REE(R2PO2)3(R2PO2H)x is three.61, 62 




Figure 2.1.2 – Dimeric D2EHPA is commonly observed in non-polar, water-immiscible 
solvents.  
More recently, extended X-ray absorption fine structure (EXAFS) data have helped 
corroborate preceding experimental evidence and confirmed the presence of three singly 
deprotonated organophosphorus dimers coordinated to REE3+ ions in the organic phase 
(Figure 2.1.3.).59, 63  
 
Figure 2.1.3 – A REE(R2PO2)3(R2PO2H)3 complex formed in the organic phase following loading 
of the REE. Determined by EXAFS.59, 63 The retaining of hydrogen-bonding interactions 
between organophosphorus compounds upon REE complexation is supported in earlier 
studies using mass-spectrometry, infrared and UV-vis spectroscopy.64 R = ethylhexyl carbon 
chain. 
While being only tentatively identifiable by room-temperature EXAFS, an alternative 
structure where REE-O bonds replace hydrogen bonds and thus create an extended structure 
is also possible. Organophosphorus-REE organic-phase structures are known to aggregate 
substantially, forming polymeric structures composed of hundreds of REEs.65 The formation 
of REE(R2PO2)3(R2PO2H)3 compounds is further supported by 31P nuclear magnetic resonance 
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(NMR) spectroscopy where experimental integrations agreed well with predicted 
integrations and by electrospray ionisation - mass spectrometry (ESI-MS) that detected an 
ion of m/z 2070.8 consistent with La(R2PO2)3(R2PO2H)3H+.59 
As D2EHPA relies on loss of H+ to the aqueous phase in order to transport REEs to the organic 
phase, the aqueous phase cannot be excessively acidic otherwise the equilibrium (equation 
2.1.1) will lie fully towards the left-hand-side. It will be more favourable for D2EHPA to 
remain protonated. As such, studies have shown that D2EHPA can sufficiently extract REEs 
from aqueous solutions down to a minimum of pH 1. One such study reported >99% 
extraction of Nd at pH 1 from a chloride aqueous phase, another reported >99% extraction 
of both Gd and Dy at pH 2 (Figure 2.2.4) from a nitrate aqueous phase, while one reported 
>99% extraction of Eu above pH 2.5.66-68 D2EHPA preferentially extracts the heavier REEs, 
with <30% of La extracted under comparable conditions.67 At pH 1 in another study, <1% of 
La was extracted from a monazite mineral dissolved in either chloride or nitrate medium, 
~2% of Nd was extracted while almost 50% of Dy was extracted, reinforcing the targeting of 
the heavier REEs such as Dy by D2EHPA.69 
 
Figure 2.1.4 – The extraction of La, Nd, Gd and Dy from an aqueous nitrate media at pH 2 
using D2EHPA (0.05 M) in kerosene.67 
Despite extensive use industrially, the processes organophosphorus compounds are used 
within have some fundamental drawbacks, including the tendency for organophosphorus 
compounds to be lost into the aqueous phase and to be damaging environmental 
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wastewater annually. Furthermore, some effluents exceed chemical emission levels by up to 
a hundred times.  
The issue is arguably most prevalent in the strip step of the process, with both REEs and 
organophosphorus compounds transported into the fresh aqueous phase. 70, 72 The acidic 
conditions used during the stripping process accelerate the compound loss and can lead to 
acid-catalysed hydrolysis. This hydrolytic decomposition of organophosphorus compounds, 
and D2EHPA in particular, is additionally reported to occur during periods of prolonged 
storage. During strip processes, around 1-2% of D2EHPA is reported to be transported into 
the aqueous phase during each strip.73 The poor separation of the REEs by D2EHPA and other 
organophosphorus compounds from an engineering and environmental perspective results 
in multiple strip cycles, high loss of compound and substantial volumes of organophosphorus 
contaminated aqueous phases.7, 74 In the following isolation step, even trace organic 
impurities can seriously reduce efficiency.70 
2.2 Metalates and the Hofmiester bias  
The purification and recovery of precious metals such as Pt and Au is not affected by 
organophosphorus compound drawbacks as they are usually extracted from aqueous 
solutions as halometalates (usually chloridometalates) (Figure 2.2.1). 
 
Figure 2.2.1 – The chloridometalate structures of PtCl62– (left) and AuCl4– (right). 
The reagents used industrially are basic and transport a proton (or protons) from the aqueous 
phase in conjunction with the target metalate, creating an organic-phase assembly. In Au 
recovery, where Au is present in aqueous chloride as AuCl4–, methyl isobutyl ketone (MIBK) 
and dibutyl carbitol (DBC) (Figure 2.2.2) are the extracting reagents of choice. 
                                                                   
Figure 2.2.2 –Methyl isobutyl ketone (MIBK) (left) and dibutyl carbitol (DBC) (right), reagents 
used in the recovery of Au. 
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REEs cannot be recovered through a metalate extraction pathway, with one predominant 
reason lying with the Hofmeister series.42, 75, 76 The Hofmeister series was originally applied 
to the ability of common salts to ‘salt-out’ of solution egg-white protein but can be more 
generally applied to how readily cations and anions are transferred from an aqueous phase 
to an organic phase.77 Highly hydrated ions ‘salt-out’ proteins more effectively, and equally 
are less readily removed from the aqueous phase. The ions have a high enthalpy of hydration 
that needs to be overcome. Highly hydrated is usually synonymous with the ion being highly 
charge dense and results in a tightly bound hydration shell where water molecules no longer 
behave as bulk water.78, 79 This can be due to the ion being comparatively small, the ion being 
highly positive/negative or a combination of the two factors. Anions such as sulfate (SO42–) 
or carbonate (CO32–) are considered highly hydrated, while ions such as nitrate (NO3–) or 
iodide (I–) are considered less highly hydrated as per the trend below.80-82 
CO32– > SO42– > S2O32–> H2PO4– > F– > Cl– > Br– > NO3– > I– > ClO4– > SCN− 
Extrapolating the series to metalates, AuCl4– is straightforwardly extracted by a range of 
extractants (including Figure 2.2.2) from the aqueous phase as the anion is large and only 
singly negative; even conventional vacuum pump oil extracts gold given a long enough 
contact time.22, 83 The issue during gold extraction is a lack of selectivity. More highly charged 
PGM chloridometalates such as PtCl62–, RhCl63–, and IrCl63– are far more difficult to extract 
from aqueous chloride solutions due to their greater charges with rhodium currently purified 
industrially through precipitation methods.84 
In aqueous solution, REEs demand high coordination numbers (≥6) meaning metalates of at 
least REE(Cl)63– or REE(NO3)63– could be expected. In reality REEs do not spontaneously form 
metalates in the aqueous phase. DFT calculations have indicated that, in the aqueous phase, 
full hydration of REEs accompanied by an outer-coordination sphere of anions is substantially 
more energetically favourable (over 200 KJ mol-1 difference) than six chloride or six nitrate 
anions bound in the inner-coordination sphere (Figure 2.2.3.).42  




Figure 2.2.3 – Formation energies of La3+ inner-sphere complexes and outer-sphere 
assemblies with varying numbers of chloride (left) or nitrate (right).42 
The high hydration enthalpies of the REEs have been studied both computationally and 
experimentally. Their exceptionally high affinity for water greatly exceeds that of 1st row 
transition metal 2+ cations, with only very charge concentrated ions such as Hf4+ and Zr4+ 
having more negative Gibbs energies of hydration (hydG*/KJ mol–1).85 The hydration energy 
is more negative for the heavier REEs, with -3145 (La) and -3570 (Lu) KJ mol-1 reported in one 
experimental study, while in a computational study values of -3120 (La) and -3520 (Lu) KJ 
mol-1 were found. In both studies, and others, approximately a 400 KJ mol-1 graduated 
difference across the REE series is observed.86-89 The energetic penalty for transporting water 
into the organic phase is high meaning in most circumstances hydration energies must be 
overcome in order to transport a metal into the organic phase. Exceptions to this include 
metal recovery involving a micellar extraction route. Tributylphosphate (TBP) and 
diglycolamide ligand systems (Figure 2.2.4) can operate by this pathway, and the formation 
of micelles will be discussed further in Chapter 3.43 
 
Figure 2.2.4 –Tributylphosphate (TBP), (left) and a diglycolamide (TODGA), (right) are 
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2.3 A brief overview of ionic liquids 
Ionic liquids (ILs) are salts that are liquid at room temperature. ILs comprise both a 
permanently positive cation (often ammonium, imidazolium or phosphonium) (Figure 2.3.1) 
and a counter anion (often chloride, nitrate or bis(triflimide)) to charge balance (Figure 
2.3.2).90 
 
Figure 2.3.1 – Typical cations of ionic liquids: ammonium (left); imidazolium (centre); 
phosphonium (right). 
ILs are now common within both academic and industrial settings with wide applicability due 
to their desirable chemical properties of low vapour pressure, water immiscibility and 
relative ease of synthesis.91 ILs can be designed and tailored to meet specific needs with 
theoretically 1018 unique ILs being possible, in contrast to only around 103 molecular solvents 
currently in use today. 
 
Figure 2.3.2 – Typical anions of ionic liquids: nitrate (left); chloride (centre); bis(triflimide) 
(right). 
The first IL was reported in 1914 following the formation of ethylammonium nitrate (mp 13–
14 oC) from the reaction between ethylamine and nitric acid, although no application was 
documented.92 By 1961, ILs were applied to the task of lubrication, and then in the 
subsequent decades applied to a range of tasks and fields including purification, fuel cells 
and catalysis.93, 94 Then, in the early 2000’s BASF incorporated the IL 1-methylimidazolium 
chloride into the production of alkoxyphenylphosphines (the BASILTM process) into what was 
the largest in terms of scale implementation of an IL into a production process.91 ILs are now 
used in a range of pharmaceutical process, such as the use of phosphonium ILs (Figure 2.3.1) 
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in the Sonogashira reaction (scheme 2.3.3), highlighting their comparatively safe use and 
versatility. When compared to a conventional solvent (THF) the yield increased fivefold. 
 
Scheme 2.3.3 – The Sonogashira reaction. A Pd-Cu catalysed reaction of aryl halides and 
terminal alkyl- or aryl-alkynes. The yield increased fivefold over when THF was replaced by a 
phosphonium IL as the solvent.92 
Adogen 464 and Aliquat 336 are commercialised ammonium-based ILs (ABILs) comprising 
lipophilic quaternary ammonium cations and accompanying chloride counter anions (Figure 
2.3.4). The ammonium cations of Adogen 464 and Aliquat 336 are a mixture of isomers with 
branched alkyl chains lengths between 8-10 carbons, although the main isomer has chain 
lengths of eight carbons.95, 96 While Adogen 464 and Aliquat 336 both have methyl 
trioctylammonium chloride as their main isomer (33 %<), the distribution of isomers totalling 
the remainder varies slightly and their formulations are therefore not identical. 
 
Figure 2.3.4 – The general structures of the commercialised ILs Adogen 464 and Aliquat 336. 
Adogen 464 contains an ammonium cation of various isomers with varying chains lengths 
between 8-10 carbons in length. 
Adogen 464 and Aliquat 336 have been applied for several decades to the purification of 
organic compounds and base metals with some very early work exploring the recovery of 
xylenol orange metal complexes from acid solutions.97, 98 Recently, the potential to use these 
ILs as environmentally friendlier replacements for organophosphorus compounds in metal 
separation and purification has become prominent. Throughout this thesis, ABILs will be 
predominantly discussed, and imidazolium- and phosphonium-based ILs occasionally 
referenced.  
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2.4 Current understanding of REE recovery by ABILs 
Studies on how ABILs, herein referred to as ILs, extract REEs from aqueous nitrate medium 
are arguably sparse and incomplete in the literature and will therefore form the principal 
discussion within this chapter. Through examining previous published work and current 
chemical understanding a few hypotheses and observations can be made.  
Ammonium cations of ILs cannot bind directly to the inner-sphere of REE but the anions, if 
perhaps chloride or nitrate, could bind directly. Many stable crystalline REE complexes 
containing REE-NO3 or REE-Cl bonds are documented (e.g. CSD codes: QEMJUO, REWQIV, 
TUMWUT and UFUNER to note a few), but those also containing water are rarer.99-102 Given 
the high hydration enthalpies of the REEs as discussed above, retention of some H2O-REE 
bonds following extraction can be expected. Some examples of La(NO3)x(H2O)y complexes 
include [La(NO3)3(H2O)4](C10H8N2)2(H2O) (CSD code: GOZBIG) which contains three bidentate 
nitrate anions and [La(NO3)2(H2O)6](C6H12N4)2(NO3)(H2O)2 (CSD code: MUQREW) which 
contains two bidentate nitrate anions (Figure 2.4.1).103, 104 
  
Figure 2.4.1. – Crystalline La compounds containing both nitrate anions and water molecules 
coordinated to the La centre. The La centre can be considered to be partially dehydrated. 
[La(NO3)3(H2O)4](C10H8N2)2(H2O) (left) (CSD code: GOZBIG)103 and [La(NO3)2(H2O)6] 











Chapter 2: Understanding REE recovery using trioctylmethyl ammonium nitrate 
31 
 
Direct binding of a sulfate anion to a REE is very rare due to the high hydration energy of the 
sulfate anion – reported to be almost 800 KJ mol-1 more negative than chloride and nitrate 
in agreement with the Hofmeister bias.85 Despite this, a few crystalline compounds 
containing sulfate bound directly to a REE centre are reported in the CSD (Figure 2.4.2).105, 106 
The limited documentation of REE-SO4 bonds, in combination with very low REE extraction 
from purely sulfate media using ILs, is supportive of direct REE-anion bonds being required 
during the extraction process.  
 
Figure 2.4.2 – A crystalline Eu complex comprising three bidentate sulfate ligands (CSD code: 
IZAFEV).106 
When used as both the solvent and the extractant (i.e undiluted, or neat), ILs extract REEs 
readily from weakly acidic aqueous phases that have a high nitrate salt content. The nitrate 
salt of Aliquat 336 was found to extract (>99%) Pr from nitrate salt (>4.0 M) solutions.107 
When comparing REE extraction by ILs across the f-block, the light REEs are readily extracted, 
while heavier REEs beyond Dy are poorly extracted, following the hydration energies trend 
(section 2.2).88 Aliquat 336-nitrate (0.1 M) was found to extract almost 60% of La (0.01 M) 
from a NaNO3/HNO3 solution (3.5 M/0.1 M), but the separation from Ce was minimal.108 It 
should be noted that ILs have been combined with traditional organophosphorus reagents 
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The extraction of REEs from nitrate media by ILs is understood to involve the transport of 
one REE cation and three nitrate anions from the aqueous phase to the organic phase where 
association with ‘x’ amount of ILs occurs (Eq. 2.4.1).113-117 
Eq. 2.4.1 –    REE3+(aq) + 3 NO3–(aq) + xIL(org) ⇌ REE(NO3)3(IL)x(org) 
Figure 2.4.3 – Plots of log(Ln[org]/Ln[aq]) vs. log(IL) for the extraction of Sm (left) and La 
(right) from a NH4NO3 (10.0 M) solution, giving a gradient of approximately three at high IL 
concentrations (>0.7 M or >log[-0.4]) and high Sm loading,118 and one at lower IL 
concentrations (<0.7 M or <log[-0.4]) and low La loading.108 
Interpretation of log/log plots (slope analysis) comparing nitrate concentration against REE 
transported (Figure 2.4.3) shows a gradient of three at high IL concentrations, suggesting that 
six nitrate anions interact with the REE and that REEs in the organic phase are present as 
REE(NO3)63– metalates.107, 112, 116-118 These metalates would then be stabilised in the organic 
phase by outer-sphere interactions with the ammonium cations (Figure 2.4.4). At lower IL 
concentrations or lower metal loading, the REE to IL ratio is more ambiguous and often 
reported to be smaller – 1:1 or 1:2, implying the formation of REE(NO3)52– or REE(NO3)4– 
metalates (Figure 2.4.3).107, 119, 120 








































Figure 2.4.4 – A simplified representation of a REE metalate stabilised in the organic phase 
by outer-sphere interactions with ammonium cations. 
As stated above, the formation of REE metalates in the aqueous phase is energetically 
unfavourable (section 2.2).42 If REE metalates are to be observed in the organic phase they 
can be expected to form during transport, such as at the interface, or after REE transport into 
the organic phase. In the aqueous phase, under forcing conditions of very high chloride or 
nitrate, partial substitution of water molecules for chloride or nitrate anions at light REE 
centres has been observed using EXAFS and XANES spectroscopy, resulting in                         
REE(H2O)9-n(x)n3-n ions (where n = 1-2 and x is chloride or nitrate, Eq. 2.4.2).109, 121 Overall 
charge negative REE species (REE metalates) in the aqueous were not reported in these 
studies, in agreement with discussed DFT calculations (section 2.2).42 
Eq. 2.4.2 –     Ce(H2O)93+(aq) + 2 Cl–(aq) ⇌ Ce(H2O)7Cl2+(aq)121 
It was reported that strongly acidic aqueous phases (<pH 3) significantly inhibit the transport 
of REEs to the organic phase by ILs.107, 111, 114, 118 This initially seems counterintuitive as high 
acid presence means high anion concentration. Formation of REE metalates in the aqueous 
phase should be favoured. Metalate formation at high acid concentration is observed with 
PGMs and leads to their subsequent extraction.21, 49, 122 At very high acid concentration, 
competition with the respective anion can occur, especially if the enthalpy of hydration of 
the anion is only moderate, such as for chloride.23, 80, 81, 88 This results in reduced extraction 
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of the target metal, as highlighted in the extraction of AuCl4– using a primary amide extractant 
(Figure 2.4.5). 
 
Figure 2.4.5 – The percentage extraction of AuCl4– with varying HCl concentration. At high 
HCl concentrations Cl– extraction is competing with AuCl4– extraction.21 
Similarly, the up-take of nitric acid by ILs is well documented meaning a competing process 
is very probable, even at comparatively low concentrations of acid (Eqs. 2.4.3 and 2.4.4).123 
Given a finite concentration of IL, any IL associated with the transport of acid may no longer 
be available to transport REEs. 
Eq. 2.4.3 –     H+(aq) + NO3–(aq) + xIL(org) ⇌ (HNO3)(IL)x(org) 
Eq. 2.4.4 –     La3+(aq) + 3 NO3–(aq) + xIL(org) ⇌ La(NO3)3(IL)x(org)  
To summarise all of the points discussed and before proceeding, the following observations 
can be noted: 
 X-ray crystal structures of REE nitratometalates are reported.99-102 
 It is energetically unfavourable for REE in the aqueous phase to be present as 
metalates42, 109, 121 
 High aqueous acidity supresses REE transport, potentially through competitive anion 
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 Salt (e.g. NaNO3) addition to the aqueous phase enhances REE extraction rates due 
to the ‘salting-out’ effect.107, 108, 118 
 Lighter REEs are preferentially extracted over heavier REEs possibly due to lower 
enthalpies of hydration86, 88 
2.5 IL Synthesis – Trioctylmethylammonium nitrate (IL0) 
As commercialised ILs such as Adogen 464 or Aliquat 336 are a blend of compounds these 
reagents are difficult to characterise by standard chemical techniques such as NMR 
spectroscopy and mass spectrometry. Therefore, a simple quaternary ammonium IL of 
standardised alkyl chain lengths is used in the studies described in this chapter.  
Following a standard preparation, trioctylmethylammonium nitrate (IL0) was synthesised 
from trioctylamine and its reaction with methyliodide (scheme 2.5.1).124 Methyliodide was 
chosen as the methylating agent due to its high reactivity and versatility plus the lability and 
water solubility of the iodide anion. The resulting ammonium iodide salt was converted to 
the ammonium nitrate salt by three contacts with a NaNO3 (7.0 M) solution. The removal of 
iodide was validated through iodine starch testing. Given the high viscosity of IL0 and 
therefore the difficulty in accurate weighing, it was stored as a 1.0 M solution in toluene to 
minimise errors between experiments. 
 
Scheme 2.5.1 – The synthesis of trioctylmethylammonium nitrate (IL0) from trioctylamine. 
2.6 REE extraction studies 
2.6.1 Extraction of REEs from varying NaNO3 solutions 
Contacting an aqueous phase containing either La, Nd or Dy (0.01 M) and NaNO3 (1.0 – 7.0 
M) with IL0 (0.10 M) in toluene results in the transport of REEs into the organic phase (Figure 
2.6.1). At high NaNO3 concentration (7.0 M), La (99%), Nd (85%), and Dy (52%) are extracted. 
The percentage extracted decreases substantially as the NaNO3 concentration is lowered, 
reaching <5% extraction for all REEs tested at 1.0 M NaNO3; this is in accordance with the 
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‘salting-out’ effect.107, 108, 118 Dy was the least readily extracted from the aqueous solution at 
all NaNO3 concentrations, in agreement with previous research.88 
 
Figure 2.6.1 – The extraction of La, Nd and Dy (0.01 M) using IL0 (0.10 M) in toluene from 
aqueous NaNO3 (1.0 – 7.0 M). Interpolation used to aid the eye only. 
2.6.2 Extraction of REEs using varying IL0 concentration 
Varying the IL0 concentration (0.01 – 1.00 M) with a constant NaNO3 (7.0 M) concentration 
results in a similar trend to that above for the transport of La, Nd and Dy from single metal 
aqueous solutions (Figure 2.6.2). An increasing IL0 concentration transports an increasing 
percentage of the REEs into the organic phase with >90% of La, Nd and Dy transported (100%, 
98% and 92%) at 1.0 M IL0; in contrast, only minimal amounts of La, Nd and Dy (5%, 12% and 
13%) are extracted at 0.01 M IL0. While increasing IL0 concentration clearly has a positive 
effect on the transport of REEs, the percentage of La and Nd transported at 0.1 M IL0 is not 
dissimilar to that at 1.0 M IL0, with only an 11% (La) and 22% (Nd) improvement observed 

























Figure 2.6.2 – The extraction of La, Nd and Dy (0.01 M) using IL0 (0.01 – 1.00 M) in toluene 
from aqueous NaNO3 (7.0 M) solution. Interpolation used to aid the eye only. 
2.6.3 Time dependant extraction 
While the extraction of metals from the aqueous phase with some reagents can take a 
comparatively long time, the extraction of REEs using IL0 is almost instantaneous (Figure 
2.6.3).22, 107 Contacting IL0 (0.1 M) with a NaNO3 (7.0 M) aqueous phase containing La (0.01 
M) provides maximum extraction of La (>80%) by 60 seconds of contact. No further increase 
in % La extraction was observed beyond 60 seconds. For some metals, this rapid transport 
highlights a rapid rate of formation of the organic stable metal species allied with an outer-
sphere complex with inner-sphere bonding interactions absent. REEs display a very rapid rate 
of ligand exchange (10–8 – 10–9 s) compared with other metals (e.g. Fe and Al 10–1 s) meaning 
that inner-sphere ligand substitution is rapid and not an inhibiting factor in the rate of phase 
transport.44 Therefore, the rate of phase transport provides little information on the 
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Figure 2.6.3 – The extraction of La (0.01 M) using IL0 (0.10 M) in toluene from aqueous NaNO3 
(7.0 M) solution at various contact times. Interpolation used to aid the eye only. 
2.6.4 Extractant Recycling and removal of REEs from the IL0 organic phase 
In addition to rapid extraction, the ability to back-extract (or strip) REEs from the organic 
phase when using IL0 is competitive when compared to current industrial reagents. 
Processes using reagents such as D2EHPA can require strong acid to remove REEs from the 
organic phase and increases the associated complexity and costs, but IL0 only requires water 
to achieve total REE stripping from the organic phase.73, 107, 125, 126 This results in the possibility 
for IL0 to be reused multiple times with no noticeable decrease in performance. Indeed, 
undertaking six solvent extraction experiments (loading and stripping cycles) shows that the 
extraction of La (0.01 M) from a NaNO3 (7.0 M) aqueous solution using IL0 (0.10 M) remains 
roughly constant (68-78%) (Figure 2.6.4). The tendency to degrade or have modest aqueous 
solubility is one of the main issues associated with many industrial reagents in these 
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Figure 2.6.4 – The repeated extraction of La (0.01 M) using IL0 (0.10 M) in toluene from 
aqueous solution of set NaNO3 concentration (7.0 M). 
2.6.5 Extraction of REEs from HNO3 acid solutions 
When acid is present in the aqueous phase the potential of both Aliquat 336 and Adogen 464 
to extract REEs from aqueous solution is markedly reduced. IL0 is equally affected. When IL0 
(0.10 M) was contacted with an acidic aqueous phase of NaNO3/HNO3 (5.0 M/0.01 – 2.00 M) 
and La (0.01 M), extraction of La was highest (63%) at low HNO3 concentrations (0.01 M) 
(Figure 2.6.5). As HNO3 concentration is increased beyond HNO3 (0.10 M), a significant 
performance decrease was observed and no La extraction (<1%) occurs beyond HNO3 (1.00 
M), presumably due to HNO3 out competing REEs (section 2.4). 
Figure 2.6.5 – The extraction of La (0.01 M) using IL0 (0.10 M) in toluene from NaNO3/HNO3 
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2.6.6 Extraction of REEs into a chloroform IL0 organic phase 
If IL0 (0.1 M) is diluted in chloroform, a more polar solvent than toluene, extraction of REEs 
from a nitrate solution (NaNO3 7.0 M) ceases to occur.127 This indicates that the absence of 
polarity in the organic diluent is important to the overall recovery process and suggests that 
polar solvents hinder assembly formation in the organic phase during solvent extraction. 
When toluene is substituted out for chloroform during a gold recovery process involving 
amides, the formation of undesirable 3rd phases comprised of complex aggregates of 
metalate, amide toluene and water is eliminated.122 In a different system, a Pt precipitate 
forms following Pt removal from an HCl (6 M) aqueous phase using amidoamines (0.01 – 0.20 
M) in toluene. Replacement of toluene with chloroform in this system though completely 
supresses the removal of Pt from the aqueous phase.24 This indicates that the disruption of 
charge neutral assembly formation by polar solvents has precedent.  
While IL0 could perhaps extract REEs more effectively into particularly non-polar diluents 
such as hexane, its insolubility in these solvents prevented performance testing. Using 
mesitylene (1, 3, 5-trimethylbenzene), a slightly less polar solvent than toluene, as a diluent, 
the extraction of La (0.01 M) from NaNO3 (7.0 M) or NaNO3/HNO3 (5.0 M/0.01 – 2.00 M) 
aqueous solutions using IL0 (0.1 M) in mesitylene is comparable to toluene (83% vs 89% and 
56% vs 48%) (Figure 2.6.6). 
 
Figure 2.6.6 – La (0.01 M) extraction using IL0 (0.10 M) in mesitylene from NaNO3 (7.0 M) or 
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2.6.7 Extraction of REEs using IL0 summary 
Through varying a range of conditions including NaNO3, IL0 and HNO3 concentrations, 
extraction time and organic diluent, the ability for IL0 to extract REEs has been explored. In 
agreement with similar ammonium industrial reagents (Adogen 464/Aliquat 336), IL0 rapidly 
extracts lighter REEs preferentially over heavier REEs but its ability to do so is substantially 
reduced by the presence of acid in the aqueous phase or the use of polar diluents. To 
understand why these trends are present a range of analytical and spectroscopic techniques 
were used to characterise the chemical complexes in the organic phase.  
2.7 Characterisation of the organic phase assemblies 
2.7.1 Karl-Fischer water content measurements 
The solvent extraction work supports previous reports that show that the extraction of light 
REEs using ammonium ILs similar to IL0 only occurs from low acid and high NaNO3 
concentration solutions and with an organic diluent that is comparatively non-polar. Little 
structural or chemical understanding of the organic phase assemblies or the mode of action 
by which recovery occurs has been determined from these solvent extraction experiments. 
Therefore, a series of analytical, spectroscopic, and computational techniques were used to 
gain a greater understanding of the speciation in the organic phase.  
Once cation- and anion-based metal transport mechanisms (due to the absence of ionisable 
protons within ILs and the difficulty of aqueous phase REE metalate formation) are excluded, 
metal extraction by reverse-micelle formation is a potential alternative. This mode of action 
is often characterised by significant water co-transport into the organic phase due to the 
hydration sphere implicit to reverse-micelle formation (Figure 2.7.1.1).50, 53 This sphere of 
water is surrounded by lipophilic, greasy extractant molecules with the overall formation 
energy of this organic phase stable assembly offsetting the unfavourable transportation of 
water. 




Figure 2.7.1.1 – A simplified representation of a reverse micelle.53 
Karl-Fischer water content measurements were used to determine the amount of water 
transported by IL0. An increase in water uptake as the organic phase REE concentration 
increased would suggest reverse-micelle formation.50 
Aqueous phases comprising NaNO3 (7.0 M) and REE (0.01 M) were contacted with IL0 (0.01 
– 0.50 M) in toluene and the water content of the contacted IL0 solutions was measured. A 
linear increase the volume of water transported is observed as IL0 concentration increased 
irrespective of the aqueous phase composition (Figure 2.7.1.2). Additionally, the amount of 
water transported by IL0 from an aqueous phase of REE (0.01 M) and NaNO3 (7.0 M) was 
marginally lower than water alone. At 0.01 and 0.1 M IL0 713 and 2546 ppm of water, 
respectively, is transported by IL0 from water alone, compared to 508 and 1338 ppm of water 
transported from aqueous La (0.01 M) and NaNO3 (7.0 M).  
Contacting an IL0 (0.25 M) organic phase with an REE-containing aqueous phase (NaNO3 7.0 
M, Nd 0.01-0.50 M) indicates that an increase in metal content results in a modest decrease 
in water content (Figure 2.7.1.3), decreasing from 2246 ppm at 0.1 M Nd to 1140 ppm at 0.5 
M Nd. In contrast, studies using diamides to recover REEs or TBP to recover Pt by micellar 
modes of action show that the water content of the organic phase increases, linearly in some 
cases, with increasing metal loading.43, 50, 53, 128 Given the absence of this occurring in the case 
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Figure 2.7.1.2 – Karl-Fischer water content measurements of solutions of IL0 (0.01 - 0.50 M) 
organic phases after contact with various aqueous phases (water, NaNO3 (7.0 M), REE (0.01 
M) and NaNO3 (7.0 M)). 
Figure 2.7.1.3 – Karl-Fischer water content measurements of solutions of IL0 (0.25 M) organic 
phases after contact with an aqueous phase of varying Nd concentration (NaNO3 7.0 M, Nd 
0.01-0.5 M). 
2.7.2 Mass spectrometry of the IL0 organic phase 
To gain an insight into the speciation of the REEs following transport into the organic phase, 
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Positive-ion mode electrospray ionisation - mass spectrometry (+ve ESI-MS) of IL0 alone (0.05 
M) and the IL0 (0.05 M) negative-ion (-ve) mode ESI-MS after multiple contacts with aqueous 
La, Nd and Dy solutions (0.05 M) were recorded. The +ve ESI-MS of IL0 alone shows a series 
of ions of the general formula (NR4)(IL0)n+ (where NR4 is the ammonium cation and n = 0 – 3) 
(Figure 2.7.2.1). A repeating unit of 430.42 mass units was identified and assigned as the 
addition of one IL0, i.e. comprising an ammonium cation and nitrate anion. 
Following REE transport, anions containing a REE cation, ammonium cations and nitrate 
anions are identified in the -ve ESI-MS of the organic phases (Figure 2.7.2.2), and are assigned 
the general formula REE(NO3)4(IL0)n– (where n = 0 – 3). A repeating unit of m/z 430.42 
correlating to IL0 is observed. No ions of more than three IL0 are seen, but the cone voltage 
applied during spectrum acquisition, despite being comparatively low in mass-spectrometry 
terms, could result in higher-order assemblies fragmenting.129, 130 No assemblies involving 
water are observed but small ionisable, polar molecules such as water are well documented 
as being difficult to observe by ESI-MS. Even so, recent studies have begun to elucidate the 
number of inner-sphere water molecules present within REE(DOTA)– and REE(EDTA)– 
complexes by using variable temperature ESI-MS.131 
ESI-MS analysis suggests the mode of REE recovery is comparable across the series and occurs 
through the formation of REE(NO3)3(IL0)3.xH2O (where x≥0) aggregates in the organic phase. 
The limitation of mass spectrometry in this instance though arises from the inability to 
provide extensive information on the composition of the inner-coordination sphere and that 
the ions seen may not be representative of the neutral complexes that must reside in the 
organic phase of a solvent extraction experiment.
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Figure 2.7.2.1 – Positive-ion mode ESI-MS of IL0 (0.05 M) diluted with methanol (1:25,000). Cations of the general formula NR4(IL0)n+ with m/z ratios 
of 368.4267 (n = 0, calc. 368.4251), 798.8385 (n = 1, calc. 798.8385), 1229.2525 (n = 2, calc. 1229.2520) and 1659.6661 (n = 3, calc. 1659.6654) are 
identified.




Figure 2.7.2.2 – Negative-ion mode ESI-MS of IL0 (0.05 M) diluted with methanol (1:25,000) after contact with a NaNO3 (7.0 M) aqueous phase 
containing La (0.05 M). Anions of the general formula La(NO3)4(IL0)n– with m/z ratios of 386.8587 (n = 0, calc. 386.8583), 817.2780 (n = 1, calc. 
817.2717) and 1247.6980 (n = 2, calc. 1247.6852) are identified.
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2.7.3 1H, 13C, 15N and 139La NMR studies 
Upon ligand complexation to a metal centre, the chemical shift in the NMR spectra of nuclei 
associated with the ligand can change quite substantially. For example, 31P[1H] spectroscopy 
has been applied previously to understand the speciation of REE-organophosphorus 
compounds following extraction.59, 126 The ammonium cation of IL0 cannot coordinate 
directly to the REE but a significant change in the chemical shifts of nuclei associated with 
the ammonium following REE extraction could suggest a strong electrostatic interaction 
towards an anionic REE nitratometalate. Selective anion binding is extensively reported and 
NMR spectroscopy is frequently used to quantify and understand the binding interactions.46-
48 For example, the selective uptake of KF rather than CsF from an aqueous solution by a 
calix[4]-pyrrole-calix[4]crown (Figure 2.7.3.1) ion-pair receptor in nitrobenzene has been 
studied by NMR spectroscopy.46 Following KF uptake, the NH peaks in the 1H spectrum of the 
ion-pair receptor shifted by 5.1 ppm and this was concluded to be due to a remarkably strong 
hydrogen-bonding interaction towards fluoride.  
 
Figure 2.7.3.1 – A calix[4]-pyrrole-calix[4]crown ion-pair receptor for KF (left).46, 47 A 
calixcrown system for CsI recovery (right).132 
In another study, shifts in the 1H NMR spectrum of calixcrown system (Figure 2.7.3.1) were 
used to determine the selective uptake of CsI into a water immiscible fluorinated solvent 
over CsNO3, NaI and KI.47, 132 The Cs+ was encapsulated within the crown-ether while, I– ions 
were confirmed by 19F NMR to be stabilised by halogen bonds to the fluorinated solvent 1,8-
diiodoperfluorooctane. 
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To probe the interaction between IL0, water molecules and nitrate anions and REE in the 
system described earlier, the 1H, 13C and 15N NMR spectra of a solution of IL0 (0.05 M) in 
deuterated benzene was recorded before and after contact with an aqueous solution of La 
(0.01 M) and NaNO3 (7.0 M).  
The change in the chemical shifts in the 1H (Table 2.7.3), 13C [1H] and HMBC long-range 1H-
15N correlation NMR spectra of IL0 on contact were minimal, indicating, as expected, only 
outer-sphere interactions between the ammonium cation and the (potentially hydrated) La 
nitratometalate species occurs. The largest proton chemical shifts correlated to those 
situated nearby the nitrogen centre of the ammonium cation; the three methyl NCH3 protons 
were shifted from 3.44 ppm to 3.25 ppm and the six N(CH2R)3 protons were shifted from 3.39 
ppm to 3.16 ppm respectively, indicating minor shielding or a removal of electron density 
from N+.  
Table 2.7.3 – The change in 1H chemical shifts for IL0 (0.05 M) following contact with a La 
(0.05 M), NaNO3 (7.0 M) aqueous phase. NMR recorded in deuterated benzene.  
Assigned Proton 
1H NMR shift before 
La (0.05 M) loading (ppm) 
1H NMR shift after 
La (0.05 M) loading (ppm) 
NCH3 3.44 3.25 
NCH2R 3.39 3.16 
NCH2CH2R 1.63 1.58 
RCH3 1.08 1.11 
 
Chapter 2: Understanding REE recovery using trioctylmethyl ammonium nitrate 
49 
 
Figure 2.7.3.2 – A comparison of the 1H NMR spectra of IL0 (0.05 M) in deuterated benzene. 
From top to bottom: Before contact (a), following contact with water (b), following contact 
with a NaNO3 (7.0 M) aqueous phase (c) and following contact with a La (0.05 M) and NaNO3 
(7.0 M) aqueous phase (d).  
Contacting IL0 (0.05 M) in deuterated benzene with water alone resulted in very minor 1H 
chemical shifts with the three methyl NCH3 protons only shifting from 3.44 ppm to 3.41 ppm 
suggesting the minor shifts upon La loading correlate to outer-sphere interactions associated 
with IL0-REE metalate aggregation (Figure 2.7.3.2). This is supported by the equally minor 
chemical shifts observed upon contacting with a NaNO3 (7.0 M) aqueous solution, with the 
three methyl NCH3 protons only shifting from 3.44 ppm to 3.36 ppm. 
To probe the inner coordination sphere of the La cation, the 139La spectrum of IL0 (0.05 M) in 
toluene after contact with an aqueous phase of NaNO3 (7.0 M) and La (0.05 M) was recorded 
and compared against the 139La standard of LaCl3 (0.01 M) in D2O. Despite a poor signal-to-
noise ratio, a distinct broad peak at -60 ppm (w1/2 -44 to -76 ppm) can be observed in the 
139La spectrum (Figure 2.7.3.3). This chemical shift is consistent with the coordination of NO3− 
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signal suggests that multiple, low symmetry nitrato complexes are present, in agreement 
with the ESI-MS data above.  
Figure 2.7.3.3 – A comparison of the 139La NMR spectra of IL0 (0.05 M) in toluene after 
contact with aqueous NaNO3 (7.0 M) and La (0.01 M) (blue), and the 139La standard of LaCl3 
(0.01 M) in D2O (red). 
2.7.4 Nitric acid and sodium nitrate transport 
Nitric acid significantly hinders the extraction of REEs from aqueous solution, potentially 
through competitive extraction given that ILs are known to transport nitric acid from aqueous 
solution into an organic phase (sections 2.4 and 2.6.5).123 The amount of nitric acid and 
sodium nitrate transported from the aqueous to organic phase by IL0 was quantified by a 
combination of pH measurements, Na ICP-OES, and ion-chromatography (IC) measurements. 
IL0 (0.10 M) in toluene was contacted with aqueous phases of varying concentrations of 
HNO3 (0.01 - 1.00 M), NaNO3/HNO3 (5.0 M/0.01 – 2.00 M) and NaNO3/HNO3/La (5.0 M/0.01 
– 2.00 M/0.01 M). The organic phases were separated and then contacted with water, and 
the resulting aqueous phases were then analysed. It was found that as the nitric acid 
concentration of the initial aqueous phase increases (0.01 – 2.00 M), the pH of the final strip 
solution decreases (3.52, 2.28 and 2.30 to 1.40, 1.38 and 1.44 respectively), meaning an 
increasing amount of nitric acid is transported into the organic phase by IL0 (Figure 2.7.4.1). 
In every case, a lower pH was recorded from samples containing NaNO3 (5.0 M), indicating 
NaNO3 promotes the transport of HNO3 from the aqueous phase. This means that the 
extraction of both HNO3 and REE (NO3)3 using IL0 is increased by the presence of NaNO3 in 
the aqueous phase. The equilibrium in both Eq 2.7.4.1 (HNO3 extraction) and 2.7.4.2 (REE 
(NO3)3 extraction) moves towards the RHS when NaNO3 is present. This can be attributed to 
the same ‘salting-out’ affect as observed when the extraction of REEs is increased through 
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high aqueous salt content but with the replacement of La(NO3)3 (equation 2.4.1) in the 
equation with HNO3 (equation 2.7.4).107, 108, 118  
Eq. 2.7.4.1 –   H+(aq) + NO3–(aq) + x IL(org) ⇌ (HNO3)(IL)x(org) 
Eq. 2.7.4.2 –    REE3+(aq) + NO3–(aq) + x IL(org) ⇌ REE(NO3)3(IL)x(org) 
There is no discernible difference in pH values upon addition of a REE to the aqueous phase 
suggesting that the ‘salting-out’ of nitric acid is almost exclusively from the high sodium 
nitrate content.  
 
Figure 2.7.4.1 – The pH of aqueous solutions following contact of IL0 (0.1 M) in toluene with 
HNO3 (0.01 – 2.00 M), HNO3/NaNO3 (0.01 – 2.00 M/5.0 M) and HNO3/NaNO3/La (0.01 – 2.00 
M/5.0 M/0.01 M). Interpolation used to aid the eye only. 
IC measurements reveal higher nitrate anion content in the final aqueous strip solutions 
following IL0 (0.10 M) contacts with initial NaNO3 (5.0 M) containing aqueous phases than 
with nitric acid alone (Figure 2.7.4.2). Nitrate anion concentrations of 7.3 mM (HNO3 0.1 M), 
20.9 mM (NaNO3/HNO3 5.0 M/0.1 M) and 36.4 mM (NaNO3/HNO3/La 5.0 M/0.1 M/0.01 M) 
were found respectively in the final aqueous strip solutions. Additionally, as the nitric acid 
concentration was increased in the starting aqueous solutions, the nitrate anion 
concentrations in the final aqueous strip solutions increase, corroborating the pH 
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Figure 2.7.4.2 – The nitrate anion content of aqueous solutions following contact of IL0 (0.1 
M) in toluene with HNO3 (0.01 – 1.00 M), HNO3/NaNO3 (0.01 – 1.00 M/5.0 M) and 
HNO3/NaNO3/La (0.01 - 1.00 M/5.0 M/0.01 M). Interpolation used to aid the eye only. 
IC measurements reveal the amount of nitrate anions transported but provide no 
information on what the accompanying counter cations are. The nitrate anions may be 
transported exclusively as HNO3 or may be transported as a combination of both HNO3 and 
NaNO3. Using Na ICP-OES, the percentage of Na and therefore the percentage of NaNO3 
transported was quantified. The amount of Na transported is negligible (<1%) (Figure 
2.7.4.3), presumably due to the high hydration enthalpy of Na+, and shows that NaNO3 is not 
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Figure 2.7.4.3 – The extraction of Na from aqueous solutions following contact of IL0 (0.1 M) 
in toluene with HNO3/NaNO3 (0.01 – 1.00 M/5.0 M) and HNO3/NaNO3/La (0.01 – 1.00 M/5.0 
M/0.01 M). 
2.7.5 Infrared spectroscopy 
Infrared spectrometry (IR) has been used to confirm inner-sphere binding of D2EHPA to REEs 
through analysis of the P=O bond stretching frequencies.59 In our case, IR provided limited 
characterisation data. The IR spectrum of an IL0 (0.05 M) organic phase in toluene was 
initially recorded against a toluene background. Multiple C-H stretches were identified 
between 2800 – 3000 cm-1 while stretches at 1467 and 1341 cm-1 were assigned as 
symmetric and asymmetric N-O bond stretches (Figure 2.7.5). Recording a solution IR 
spectrum of IL0 (0.05 M) after NaNO3/La (7.0 M/ 0.05 M) contact resulted in modest shifts of 
the N-O stretches to 1435 and 1330 cm-1 with no additional new peaks. The modest shifts 
indicate possible weakening of the N-O bonds that could arise from coordination of nitrate 
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Figure 2.7.5 – The IR spectra of IL0 (0.05 M), pre and post contact with NaNO3 (7.0 M) plus 
La (0.05 M) compared against a toluene background. 
2.7.6 Summary of spectroscopic techniques  
It can be concluded that the extraction of REEs from aqueous solution using IL0 does not 
occur through a (reverse) micelle pathway, with instead ESI-MS and NMR data indicating that 
multiple NO3− anions are coordinated in the inner-sphere of a partially dehydrated REE to 
form a series of anions REE(NO₃)n(H2O)x− (where n>3 and x>0) that are stabilised by 
electrostatic associations with lipophilic NR4+ cations. While the ESI-MS and NMR data both 
provide valuable information, the binding mode of nitrates to REEs and the number of waters 
present in the inner coordination sphere remain unknown. As such, computational studies 
were undertaken to further interrogate the structures and bonding in the organic phase. 
2.8 Computational modelling of the organic phase assemblies 
2.8.1 Overview and introduction 
The aggregation of the different components of the organic phase, i.e. IL0, nitrate, water and 
REE, and the interactions between these components, was investigated by computational 
modelling. In order to maximise the validity of the modelling, the calculations undertaken 
represent, as closely as possible, the experimental conditions with the well-defined 
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The ESI-MS showed that the predominant IL0-REE aggregate in the toluene organic phase 
comprised three IL0, three nitrate anions and a single REE. The KF water content 
measurements indicated on average one water molecule per IL0. Therefore, the interactions 
between three IL0, three nitrate anions, three water molecules and one La3+ cation were 
modelled. La was selected due to its comparative ease of extraction using IL0 and its lack of 
f-electrons. 
Due to computational limitations, simulations modelling the formation of aggregates in the 
organic phase were run using classical molecular dynamics (MD). The QM optimised 
structures of the relevant components (ammonium cation, nitrate anion, water and toluene) 
(Figure 2.8.1) were obtained from geometry optimisation calculations with Gaussian 09 at 
the B3LYP level of theory with the basis set 6-31+G* applied (section 7.6).  
 
Figure 2.8.1 – The optimised starting geometries for the relevant components. Ammonium 
cation (left). Nitrate anion (centre). Water molecule (right). 
2.8.2 Classical MD simulations with nitrate and REE 
Three IL0 extractants, three nitrate anions, three water molecules and one La3+ cation were 
placed into a 60 Å3 randomly configured toluene solvent box consisting of 1147 toluene 
molecules and was allowed to proceed under classical MD conditions for a minimum of 10 
ns of production run time. All further details are provided in section 7.6. An aggregation of 
ammonium cations, nitrate anions and water molecules is observed, with multiple nitrate 
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anions and water molecules closely associated with a partially dehydrated La centre (Figure 
2.8.2.1). This MD simulation and all other MD simulations discussed within this section were 
repeated in triplicate, starting from different starting geometries in each case (section 7.6). 
In each instance, the same general aggregates were observed.113 
 
Figure 2.8.2.1 – The formation of a REE-IL0-water-nitrate aggregate following a classical MD 
simulation (left – front, right – reverse). For clarity, hydrogen atoms associated with the 
ammonium cation are hidden, and hydrogen bonds are made explicit up to an O…H distance 
of 2.0 Å. These conditions are the case for all future simulation outputs, unless stated. 
Closer inspection of the aggregate reveals that its stability is increased through a modest 
hydrogen-bonding network comprising nitrate anions and water molecules (Figure 2.8.2.1). 
Structural information about the aggregation and the REEs inner-coordination sphere is 
determined by analysing the average number of water molecules, nitrate anions and 
ammonium cations at defined distances from the REE across the simulation (Figure 2.8.2.2). 
Over the simulation run time, it is seen that five nitrate anions continually associate with the 
La centre (<3.85 Å), along with three water molecules (<2.85 Å), and three nitrogen atoms 
from the encapsulating ammonium cations (<9.75 Å). The sixth and final nitrate anion is over 
10.0 Å away from the La centre. Thus, overall, the composition of the La centre of the 
aggregate formed by the interdigitation of three IL0 ligands comprises three water molecules 
and five nitrate anions. 
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Figure 2.8.2.2 – Integrations obtained from the g(r) output plot from the classical MD 
simulations, indicating how the average number of IL extractants, water molecules and 
nitrate anions associated with La increases as a function of distance from La, following the 
spontaneous formation of a La-containing aggregate. Averaged over 100 simulation frames 
(1.5 ns). 
In the aggregate, the La centre was calculated from 50 simulation frames to be 4.9 ± 0.4% 
exposed by using a Monte Carlo script (section 7.6.2), where the La centre was defined as 
the target and a probe sphere was fired 10,000 times from random positions, 20 Å away. This 
is particularly low when compared to similar tributylphospate and PtCl62– systems that have 
a core exposure value >53%.43 This suggests that the cavity created by the IL0, nitrate anions 
and water molecules is well suited to accommodate a cation of the radius of La3+, 
corroborating the experimental data of strong La extraction by IL0.43, 134 
2.8.3 Classical MD simulations with nitrate anions and nitric acid 
The experimental results (sections 2.6.5. and 2.7.4.) show a competing process between 
nitric acid and REE extraction. As such, it is informative to model this former process, using 
three ammonium cations, four nitrate anions, three water molecules and a hydronium cation 
under the same conditions and parameters. In this case, the aggregation is similar to that 
seen for La, but a hydronium cation now occupies the cavity created by the ammonium 
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through hydrogen-bonding while the fourth nitrate anion is further away (>8.0 Å) (Figures 
2.8.3.1 and 2.8.3.2). 
 
Figure 2.8.3.1 – The formation of a nitric acid-IL0-water aggregate following a classical MD 
simulation (left – front, right – reverse).  
The very gradual increase in the average number of water molecules within a defined 
distance of the hydronium ion suggests that the water molecules are particularly mobile and 
dynamic, and are not fixed into position by inter-molecular hydrogen-bonding. Comparing 
hydronium-water distances against time (Figure 2.8.3.3) reveals that one water molecule is 
generally closer at 4.2 – 7.7 Å while the remaining two are generally further away (>6.8 Å). 
The three ammonium cations are within 8.75 Å of the hydronium centre vs. 9.75 Å in the La 
system, suggesting a smaller cavity.  
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Figure 2.8.3.2 – Integrations obtained from the g(r) output plot from classical MD simulations 
indicating how the average number of IL extractants, water molecules and nitrate anions 
associated with a hydronium cation increases as a function of distance from a hydronium 
cation following the spontaneous formation of a hydronium cation-containing aggregate. 
Averaged over 50 simulation frames (0.75 ns). 
Figure 2.8.3.3 – An output from classical MD simulations showing how hydronium-water 
distances change as the simulation progresses. 
Upon substitution of La for hydronium, the spherical nature of the aggregate appears, 
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ammonium encapsulating two water molecules and one nitrate anion disassociated and 
distant from the hydronium cation (Figure 2.8.3.1). Encapsulating measurements were 
undertaken with the hydronium cation as the centre point using a Monte Carlo script (section 
7.6.2), and show an average exposure across 50 simulation frames of 11.8 ± 5.9 %, suggesting 
the hydronium cation is more poorly encapsulated than La. The large variance can be 
attributed to the relatively dynamic nature of the aggregate. The formation of HNO3 
containing aggregates similar to those formed with La, provides some computational 
evidence as to why competitive extraction between HNO3 and REEs occurs. As IL0 can form 
stable assemblies with both La and HNO3, a high HNO3 concentration reduces the 
concentration of IL0 available to extract REEs (e.g. La) subsequently lowering the % of REE 
extracted (Figure 2.6.5). 
2.8.4 Classical MD simulations with chloride and REE 
The difficulty of recovering REEs with ILs from initial aqueous chloride media due to the 
inability to form REE chloridometalate anions in the aqueous phase, is well known.42, 113, 135 
To investigate if stable aggregates consisting of IL0 and REE-chloridometalates can form in 
the organic phase, the MD simulation undertaken in section 2.8.2 were repeated but with 
nitrate anions replaced with chloride anions. A stable organic phase aggregate containing a 
REE-metalate anion still forms, albeit one which has reduced sphericity and, visually, poor 
encapsulation of the La cation (Figure 2.8.4.1). The La metal centre visually appears to have 
a coordination number of seven, with five chloride and two water molecules no further than 
3.35 Å and 2.85 Å away respectively (Figure 2.8.4.2) . 
Work prior to this study suggests nine-coordinate La complexes are typical, meaning the La 
centre is probably not entirely satisfied in these MD simulations.42, 63, 86, 88, 109, 121, 136 While a 
stable aggregate is observed within the MD simulations, the comparatively low number of 
ligands surrounding the La core may explain why La-chloridometalate anions form less readily 
in the organic phase when starting from an aqueous La containing chloride media. 
Furthermore, the absence of any hydrogen-bonding interactions can be expected to reduce 
the stability of the aggregate. 
 




Figure 2.8.4.1 – The formation of a chloride-IL0-water-La aggregate following a classical MD 
simulation (left – front, right – reverse).  
Figure 2.8.4.2 – Integrations obtained from the g(r) output plot from classical MD simulations 
indicating how the average number of IL extractants, water molecules and chloride anions 
associated with La increases as a function of distance from La following the spontaneous 
formation of a La-containing aggregate. Averaged over 100 simulation frames (1.5 ns). 
2.8.5 Classical MD simulations with chloroform and REE  
The extraction of REEs into more polar organic solvents such as CHCl3 (parameters discussed 
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chloroform, a far more polar solvent than toluene (0.26 vs. 0.10 relative to water being 1.00), 
127, 137 encapsulation of the La centre by lipophilic ammonium cations still occurs. In this case, 
the La inner-coordination sphere is satisfied by five nitrate anions and two water molecules.  
 
Figure 2.8.5.1 – The formation of a La-IL0-water-nitrate aggregate following a classical MD 
simulation in chloroform (left – front, right – reverse). 
The nitrate anions and water molecules appear visually to be closer to the La centre than 
simulations with toluene as the solvent and is validated by comparing the average number 
of water molecules, nitrate anions and ammonium cations at defined distances from the REE. 
All six nitrate anions are within 5.8 Å of the La centre compared with 12.8 Å for toluene 
(Figure 2.8.5.2). Additionally the La is thoroughly encapsulated by the alkylammonium cation, 
with the exposure calculated to be just 2.4 ± 0.2 % and is perhaps due to the additional nitrate 
anion residing closer to the La than in other simulations. The formation of a stable aggregate 
is unexpected as experimentally the formation of REE-IL0 aggregates in chloroform does not 
occur. 
As the classical MD simulations yield stable aggregates within chloroform in contrast to the 
absence of stable aggregates experimentally, it can be concluded that classical MD 
simulations have some limitations in their ability to define how ILs extract REEs. These 
limitations presumably stem from the force field parameters only poorly representing the 
modelled interactions between molecules and ions. Minor discrepancies between 
computational parameters and their true values may be sufficient to promote the formation 
of stable aggregates. Therefore, MD simulations should be used only as a guide and be 
supported by experimental evidence and quantum mechanical calculations (section 2.8.6). 
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Figure 2.8.5.2 – Integrations obtained from the g(r) output plot from the classical MD 
simulations, indicating how the average number of IL extractants, water molecules and 
nitrate anions associated with La increases as a function of distance from La, following the 
spontaneous formation of a La-containing aggregate. Averaged over 100 simulation frames 
(1.5 ns). 
2.8.6 Quantum mechanical geometry optimisations - DFT studies 
While MD simulations are useful in analysing the aggregation of individual components from 
a multi-component system, they do not define the precise bonding interactions within the 
aggregation. Therefore, the stable aggregate from the MD calculations was used as an input 
geometry for QM geometry optimisation calculations to determine the composition of the 
inner-coordination sphere of the La centre, in particular to deduce the monodentate or 
bidentate coordination modes of the nitrate anions (Figure 2.8.2.2) (section 7.6.3). From 
these calculations, the geometry optimised structure contains a La centre with an inner 
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Figure 2.8.6.1 – A DFT optimised structure of the terminus configuration of a La-containing 
aggregate from an MD simulation comprising one La, three nitrate anions, three IL0 and three 
water molecules. 
Close inspection of the coordination of the La centre shows three bidentate nitrate anions, 
two monodentate nitrate anions, and three water molecules. The average La-O bond 
distances for water molecules and nitrate anions at 2.7 Å is comparable to previously 
reported La-O distances.103, 104 The modest hydrogen-bonding array seen in the MD 
calculations remains intact (Figure 2.8.6.2). 
Monte Carlo encapsulation measurements undertaken on the DFT optimised structure with 
the La as the centre point show an exposure of 1% suggesting that the La nitratometalate is 
well suited for the cavity created by the alkylammonium cations. 




Figure 2.8.6.2 – The DFT optimised inner coordination sphere of a La-containing aggregate 
(left). A ChemDraw representation of the inner coordination sphere (right). 
The formation of the La-IL0 assembly was determined to be thermodynamically favourable 
with a formation energy (Uf) (section 7.6.3) of −37 KJ mol-1 calculated from the internal 
energies of the individual components (reactants) and of the La-IL0 assembly (products) (Eq. 
2.8.6.1). 
Eq. 2.8.6.1 –   Σ U(products) – Σ U(reactants) 
A formation energy of this value compares favourably with formation energies for other 
supramolecular assemblies formed during metal recovery processes.24 The negative 
formation energy supports the earlier hypothesis (section 2.8.2) that the La is well suited to 
accommodate the cavity created by IL0, nitrate anions and water molecules and supports the 
experimental data (section 2.6). The nitrate anions and water molecules acting as charge 
mediating bridges and as molecular scaffolds undoubtedly contribute to the favourable 
formation of the assembly. 
2.9 Conclusions 
The ionic liquid IL0 can transport REEs from aqueous solutions into an organic phase if the 
conditions are tailored suitably, e.g. low acid concentrations, high nitrate salt content, and a 
low-polarity organic solvent. The ability of IL0 to selectively target one REE is limited, 
highlighted by the extraction of La (99%), Nd (85%) and Dy (52%) from single metal aqueous 
feeds of NaNO3 (7.0 M) when using IL0 (0.1 M). The ability for IL0 to target specific REEs is 
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distinguish between adjacent REEs.7, 74 Despite poor REE selectivity, IL0 does have remarkable 
stability, negligible aqueous solubility and can be readily stripped with water. This suggests a 
process incorporating IL0 would have environmentally friendly credentials. The targeting of 
specific REE using ILs will be explored within chapter 3. 
While previous work has highlighted the inability of REEs to form chloride and nitrato 
metalates in the aqueous phase, the analytical and computational evidence gathered here 
strongly indicates that REE nitratometalates of the general formula REE(NO3)5(H2O)x2– (where 
x>0) do form in the organic phase, stabilised and encapsulated by the lipophilic 
alkylammonium cations.42, 109, 121, 138 The REEs are not entirely dehydrated upon transport into 
the organic phase and instead remain partially hydrated – or microhydrated. There is a large 
energy penalty associated with the complete dehydration of a REE cationic centre (a hydG* 
of -3145 KJ mol–1 for La).85 Therefore, the extraction of partly, rather than entirely, 
dehydrated REE may result in the lowest energetic cost overall. 
The presence of modest hydrogen-bonding networks in the organic phase aggregates is 
shown by computational modelling and could be essential to organic phase stabilisation. If 
the hydrogen-bonding network can be expanded, through inclusion of hydrogen donors and 
acceptors into the ammonium cation, the stability of the REE aggregates could be enhanced. 
This will be the focus of chapters 3 and 5. 
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3 Development of amido-ammonium ILs for REE 
separation 
3.1 REE separation – industrial reagents 
Organophosphorus compounds such as di-(2-ethylhexyl)phosphoric acid (D2EHPA) poorly 
separate adjacent REEs. Numerous studies report that D2EHPA only achieves separation 
factors of around 2 for adjacent REEs.67, 69 Separation factors can be calculated by measuring 
the quantity of one REE the aqueous and organic phases and dividing by the same 
measurement of another REE. It is the distribution (D) value of one REE divided by the D value 
of another REE. 
 
Eq. 3.1.1 –    ([REE(b)]org/[REE(b)]aq)/([REE(a)]org/[REE(a)]aq) 
 
Figure 3.1.1 – An example of REE separation factors relative to Y using tributyl phosphate 
(1.0 M) in dodecane. The target REE was extracted from a solution also containing Y.74  
As highlighted above (Figure 3.1.1), organophosphorus compounds can discriminate well 
between lighter, less Lewis acidic REEs (e.g. La, Ce, Pr, Nd) and a heavier, more Lewis acidic 
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In one study, D2EHPA (0.05 M) in kerosene extracted minimal Sm (6%) from an aqueous 
HNO3 solution, but significant amounts of Lu (72%) with a gradual increase in extraction 
percentage observed across the f-block (Table 3.1.1).69 The separation factors for adjacent 
REEs averaged 1.46 and are corroborated by more recent studies.139-143  
Table 3.1.1 – The percentage extraction and separation factors of REEs from an aqueous 
HNO3 solution with D2EHPA (0.05 M) in kerosene.69 Tm was not analysed in this study. 
REE % REE extraction REE(b)/REE(a) Separation Factor 
Sm 5.5     
Eu 10.1 Eu/Sm 1.84 
Gd 12.4 Gd/Eu 1.23 
Tb 22.6 Tb/Gd 1.82 
Dy 34.3 Dy/Tb 1.52 
Ho 42.5 Ho/Dy 1.24 
Er 64.9 Er/Ho 1.53 
Tm        
Yb 68.1     
Lu 71.8 Lu/Yb 1.05 
 
D2EHPA (0.60 M) in kerosene extracted REEs (La-Er) (0.002 – 0.57 g/L) from a H2SO4 (1.0 M) 
apatite ore leach solution with an average separation factor between adjacent REEs of 
3.31.139 A very low percentage (<5%) of the lighter REEs (La–Nd) were extracted allowing for 
modest separation of heavier REEs from lighter REEs. Rather than transport the lighter REEs 
into kerosene, lighter REEs were recovered by precipitation using oxalic acid (0.08 M) thus 
separating the lighter REEs from the apatite impurities – determined to be predominantly Ca, 
P and Al. 
Organophosphorus compounds form REE(R2PO2)3(R2PO2H)3 complexes with REEs in the 
organic phase with six PO–REE bonds satisfying the REE inner coordination sphere with 
outer–sphere hydrogen–bonding interactions providing additional stability (section 2.1).59, 63 
The predominant factors defining the stability of the complexes is the strength of these 
bonds. As the relative charge density of the REE cation increases, the oxygen donor atoms 
bind more strongly to the REE cation, causing a contraction in the PO–REE bond distances. 
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The REE-P distances in REE–D2EHPA complexes are calculated computationally to decrease 
from 2.75 Å (Ho) to 2.71 Å (Lu) with, on average, a 0.01 Å distance difference when comparing 
adjacent REEs (Figure 3.1.2).41  
  
Figure 3.1.2 – The computationally modelled distances (Å) between REE cations and the P 
atom of D2EHPA.41 
The REE–O distances were found to be 2.14 Å (Ho) and 2.09 Å (Lu). The modest selectivity of 
D2EHPA, and analogues, can be attributed to the minor contraction in these bond lengths. 
While no REE-D2EHPA compounds are currently reported in the Cambridge Structural 
Database (CSD) it should be noted that these REE-O calculated bond lengths are shorter than 
those reported for solid state structures such as a bis(cyclohexaphosphato)–Nd complex (CSD 
code: TIJKUT) or a tris(tetraphenylimidodiphosphinato-O,O')–La (CSD code: FOPJOJ) complex 
that both have average REE-O bond lengths of 2.45 Å.144, 145 
As discussed above, REE recovery can be achieved using precipitation.139 Using discriminatory 
precipitation and inorganic chemical recognition with a methoxy-substituted tripodal 
hydroxylamine ligand (H3TriNOxOMe) (Figure 3.1.3), a separation factor of almost 300 has been 
achieved for Nd and Dy.146 To a starting mixture of REE[N(SiMe3)2]3 silylamido compounds in 
benzene, H3TriNOx in benzene was subsequently added. A precipitate formed and was 
determined to be almost exclusively (>95%) Dy(TriNOxOMe) while the remnant solution 
contained less than 10% Dy(TriNOxOMe) but over 90% of the Nd analogue. The high separation 
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more soluble dimeric complex [REE(TriNOxOMe)]2.147 Reactions of REECl3 with boric acid at 
elevated temperatures have been shown to produce different REE–borate crystallisation 
products that are dependent on the REE.148 From a binary Nd and Dy mixture, judicious 
control of reaction kinetics achieved quantitative recovery of Nd and Dy as 
Nd2B12O18Cl2(OH)4(H2O)4.nH2O and Dy4B24O36(OH)12(H2O) with the two crystalline compounds 
then separated using a flotation method.  
 
Figure 3.1.3 – A methoxy-substituted tripodal hydroxylamine ligand (H3TriNOxOMe) used for 
selective REE precipitation.146, 147 
3.2 Amides for REE recovery 
Lipophilic amides such as diglycolamides and malonamides (Figure 3.2.1), under appropriate 
conditions, readily extract REEs.52, 149-151  
 
Figure 3.2.1 – A malonamide (left) and a diglycolamide (right). Reagents used during REE 
recovery.  
A malonamide (MA), where nitrogen atoms of tertiary amides are bonded to methyl and 
benzyl substituents, extracts REEs from aqueous solution.149 Contacting an HNO3 (4.0 M) 
aqueous phase with MA (0.2 M) in chloroform resulted in preferential extraction of earlier 
REEs. High symmetry Ln(NO3)3(MA)x complexes were identified in the organic phase using 
UV-Vis spectroscopy and FT-IR spectroscopy; in the IR spectra, two C=O stretches at 1647 
and 1671 cm-1 for MA converged into one stretch at 1647 cm-1 on contact with a Lu containing 
aqueous phase, with no other stretches identified in the carbonyl region, suggesting that only 
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one conformation is present.152 These data were corroborated in later studies and expanded 
upon such as the confirmation of nitrate bound directly to the REE cation.52, 152 Furthermore, 
luminescence emission data of Eu-MA complexes indicated a noticeable change in the 5D0  
7F2 (around 610 – 630 nm) transition, a transition known to be highly sensitive to inner-sphere 
coordination changes.152 EXAFS spectroscopy at low Eu3+ concentrations revealed that the 
number of malonamides, nitrates and water molecules around a Eu3+ cation is three, three 
and one respectively. This fitting model alluded to a combination of monodentate and 
bidentate binding for malonamide and nitrate ligands which is abetted by classical molecular 
dynamics (MD) simulations (Figure 3.2.2).52  
 
Figure 3.2.2 – The formation of a Eu-malonamide-nitrate-water aggregate following a 
classical molecular dynamics simulation where Eu (cyan), is coordinated by malonamide 
carbonyls (green spheres), nitrate oxygen’s (blue spheres) and water oxygen’s (red 
spheres).52  
At low concentrations of malonamides (and diglycolamides) inner-sphere coordination 
behaviour to REEs is exhibited, but as the concentration of REE and malonamide is increased, 
the complexes and structures change significantly.52 During the extraction process a ‘third-
phase’, a phase that is immiscible with both the aqueous and organic phases, forms at 
elevated REE and malonamide concentrations, resulting in a triphasic system. The third–
phase is comparatively dense due to the high concentration of REE and malonamide ligand 
within it and this compares well with other reported 'third-phase' formations resulting from 
metal recovery processes.52, 122, 128 Using a highly aliphatic malonamide (0.5 M) in dodecane, 
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Ce removal from the aqueous phase occurs at all Ce concentrations (0.01 – 0.10 M) but once 
above 0.05 M Ce, most Ce resides in the ‘third–phase’ (Figure 3.2.3). 
Small angle X-ray scattering (SAXS) spectroscopy in conjunction with a series of Ce extraction 
experiments concluded that the ‘third–phase’ comprised reverse micelle structures. 
Aggregations comprising four malonamides, one Ce(NO3)3 complex and one water molecule 
were present and HNO3 in the aqueous phase was suggested to facilitate the aggregation.128 
 
Figure 3.2.3 – The extraction of Ce (0.01 – 0.10 M) using an aliphatic malonamide (0.50 M) in 
dodecane. When the Ce concentrations exceeds 0.05 M, a dense Ce and malonamide 
containing ‘third-phase’ forms.128 Interpolation used to aid the eye only. 
As the REE concentration in the organic phase increases, the REE-malonamide complexes 
reconfigure from discrete REE(NO3)3(H2O)–malonamide complexes into REE reverse micelles 
where REE centres are bridged by nitrate anions.52 Through a combination of classical MD 
simulations (Figure 3.2.4) and SAXS spectroscopy, the repulsive nature of Eu-Eu interactions 
were determined to be circumvented through hydrogen–bonding interactions between 
malonamides and outer-sphere water molecules. Water molecules acted as mediators to 
bring nearby aggregates closer, creating larger supramolecular structures containing up to 























Figure 3.2.4 – The formation of Eu–malonamide–nitrate–water supramolecular aggregates 
following classical MD simulations. Eu (cyan), malonamide carbonyls (green), nitrate 
nitrogens (blue) and water oxygen’s (red).52  
The complex behaviour of malonamides would result in great difficulties if implemented into 
an industrial REE recovery process. These issues also pertain to diglycolamide reagents that 
are stronger REE extractants than malonamides, but due to the presence of the central ether 
oxygen display reverse selectivity, extracting heavier REEs over lighter REEs (Figure 3.2.5).50, 
149, 153 TODGA (Figure 2.2.4), a diglycolamide, separates adjacent lighter REEs effectively but 
discriminates very poorly between heavier REEs. TODGA forms 3:1 L:M complexes with REEs, 
providing a coordination number of nine when extracting from a NaNO3 aqueous phase.154, 
155 The amount of water transported into the organic phase, despite not coordinated to the 
REE, increases linearly from around three per REE (La) to around five per REE (Gd, Dy, Tm). 
Figure 3.2.5 – Extraction of REEs using TODGA (0.1 M) in dodecane from HNO3 (1.0 M).50, 156 
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Using density functional theory (DFT) calculations, the REE–O (diglycolamide ether) bond 
distances were found to gradually decrease from 2.59 Å (La) to 2.40 Å (Yb) (Figure 3.2.6). The 
REE-O (diglycolamide ether) bond distance contractions caused a gradual increase in the 
steric crowding around the REE resulting in the REE–O (nitrate anion) distances gradually 
increasing from 4.67 Å (La) to 4.95 Å (Gd). The plateauing of % water and % REE transported 
beyond Gd can is rationalised by the coordination shell stabilisation beyond Gd.50  
Figure 3.2.6 – DFT optimised structures of REE(TEDGA)3(NO3)3 complexes. The octyl 
substituents of TODGA have been shortened to ethyl due to computational limitations.50 
Elements are coloured as La (orange), Gd (purple), Yb (grey), O (red), N (blue), H (white) and 
C (green). 
The decreases in REE–O (diglycolamide ether) bond distances observed computationally 
agree with previously reported crystallographic data for [REE(TEDGA)3](NO3)3.4H2O 
compounds (e.g. CSD code: POLRIT) where TEDGA is an short alkyl chain TODGA analogue.157 
While solid phase crystallographic data is not representative of solution phase, hydrogen-
bonding interactions between nitrate anion, TEDGA and co-crystallised water molecules 
were evident.  
In summary, the striking separation of the lighter REEs (La–Gd) with diglycolamides is a result 
of the substantial change in the coordination shells. Once the coordination shells stabilise 
beyond Gd, REE extraction is very high and selectively ceases. At low ligand and metal 
concentration, discrete REE-diglycolamide ions are observed but as concentrations are 
increased large problematic poly-nuclear micellar aggregates form.  
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3.3 Functionalised ILs 
The incorporation of functional groups into ILs that can coordinate the REE such as organic 
acids, diglycolamides, and acetylacetones has been explored.158, 159 
  
Figure 3.3.1 – Examples of functionalised ILs. An imidazolium acetylacetonate IL (left).158 A 
phosphinic acid ammonium IL (right).159 
When the anionic bidentate hexafluoroacetylacetonate is used as the anion component in 
an IL with a non-coordinating imidazolium cation, REEs are extracted from aqueous phases. 
Discrete REE complexes comprising four bidentate acetylacetonates charged balanced by 
one imidazolium cation were formed in the water immiscible organic phase.158 This was 
supported by the solid-state structure (Figure 3.3.1), from which hydrogen-bonding 
interactions between acetylacetonate carbonyls and imidazolium hydrogens were also 
identified.  
Incorporation of a phosphine oxide functionality into the imidazolium cation of the anion-
functionalised IL resulted in the formation of a nine coordinate REE centre (Figure 3.3.2).160 
In this case, four negative bidentate acetylacetonates remain present but now the 
imidazolium additionally coordinates through the phosphine oxide. Using 31P[1H] NMR 
spectroscopy and crystallographic data, the formal bonding interaction between the anionic 
and cationic components, rather than a hydrogen-bond, was verified in both the solution and 
solid phases. 
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Figure 3.3.2 – (left) Crystal structure of an Nd–acetylacetonate-imidazolium complex (CSD 
code: PURLAQ) obtained following contact of an aqueous solution containing Nd with an IL 
phase.158 (right) The crystal structure of an Eu-acetylacetone–imidazolium complex (CSD 
code: REBCOS) obtained following contact of an aqueous solution containing Eu.160 Elements 
are coloured as H (white), C (grey), N (blue), O (red), F (yellow), P (orange) and Nd/Eu (green). 
Some H atoms are hidden for clarity. 
While the unfunctionalized IL, IL0 (chapter 2) preferentially extracts lighter REEs, 
replacement of the nitrate anion with a deprotonated phosphinic acid (Figure 3.3.1) reverses 
the selectivity to favour the heavier REEs.159 The IL (Figure 3.3.1) (3 mM) extracted minimal 
intermediate REEs (0.5 mM) (Gd–Er) but a much greater percentage of very heavy REEs (Tm–
Lu) from a chloride aqueous phase. The energetic favourability associated with phosphinic 
acid coordination to a charge–dense heavy REE centre, as determined by IR spectroscopy, 
outweighs the energetic penalty of dehydrating the more highly hydrated heavier REE 
centres (section 2.2).86-89 
For actinide separation, the non-coordinating anion bis(triflimide) (Figure 2.3.2) used in 
conjunction with an amide functionalised ammonium IL cation (Figure 3.3.4) selectively 
extracts Pu over U and Am from nitric acid (1 – 8 M) with separation factors of 105 
obtained.161 Aggregates containing Pu, nitrate anions and ammonium cations form in the 
organic phase, suggesting an anion-exchange mechanism with transfer of bis(triflimide) to 
the aqueous phase. Dynamic light scattering (DLS) measurements determined the radius of 
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the organic phase aggregate formed increased from a radius of 7 nm to an average of 123 
nm upon Pu extraction.  
 
Figure 3.3.4 – An amido-ammonium cation (left), a diglycolamido-ammonium cation (right) 
and a diamide-ammonium cation (bottom).161-163 
Replacement of the amido-ammonium cation with a diglycolamido-ammonium cation 
allowed for Eu extraction from aqueous nitric acid (0.01 – 1.00 M) solutions.162 Using IL (34 
mM), full extraction (>99%) of Eu (1 μM) was observed from HNO3 (0.01 M) but at HNO3 (1.00 
M) minimal Eu extraction (<5%) occurred. As the nitric acid concentration was increased, the 
transport of nitric acid in absolute terms increased, suggesting competition between REE and 
nitric acid transport as discussed earlier (section 2.4 and 2.7.4). 
The combination of a diamide–ammonium cation (Figure 3.3.4) and a bis(triflimide) anion 
provides effective separation of heavier REEs (Sm, Lu) from base metals (Zn, Ni, Co) from 
acidic chloride media.163 The efficient separation was attributed to the absence of any amine 
donor ligands. IR spectroscopy measurements identified a strong interaction between amide 
carbonyl and REE ions as the carbonyl stretching frequency shifted to lower wavenumbers, 
from 1672 cm-1 to 1648 cm−1. This interaction was further supported by 13C[1H] NMR 
spectroscopy studies that showed a minor down-field shift (approx. 2 ppm) of the two 
carbonyl carbons by upon contact with the aqueous phase containing the REE.  
To gain structural information on the inner coordination sphere of the REE, DFT calculations 
were undertaken and the optimised structure comprised an eight coordinate REE centre with 
three bidentate diamide–ammonium cations and one bidentate bis(triflimide) anion (Figure 
3.3.5).163 It should be noted that this structure is surprising, given the tendency for 
bis(triflimide) anions to remain non-coordinating and that the overall charge of this cation is 
+5. It can be assumed that a combination of bis(triflimide) and chloride anions would be 
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associated in the outer-coordination sphere to provide charge balance and maintain organic 
phase solubility. 
  
Figure 3.3.5 – DFT optimised structure of a REE–IL complex consisting of La, bis(triflimide) 
anions and diamide-ammonium cations.163 Elements are coloured as C (grey), N (dark blue), 
O (red), S (yellow), La (light blue) and F (green). H are hidden for clarity. 
It is evident that functionalised IL reagents display significant advantages such as selective 
REE extraction and minimal ‘third-phase’ formation over both traditional organophosphorus 
reagents and neutral amide reagents. Unfortunately, the ILs currently reported to effectively 
separate REEs often involve small-scale multi-step synthetic procedures, or are used within 
complex multi-cation multi-anion systems where the speciation of REE complexes in the 
organic phase is not known. In view of this, the prime focuses within this chapter will be the 
development and synthesis of functionalised ammonium IL reagents using simple synthetic 
procedures and understanding how and why their performance with respect to REE 
separation and recovery varies from that of unfunctionalized IL0. 
3.4 Amido-ammonium (AA) IL synthesis 
Primary (1°), secondary (2°) and tertiary (3°) amido-ammonium ILs were synthesised 
straightforwardly from 2-chloroacetyl chloride (Figure 3.4.1). The acid chloride is converted 
to the amide by reaction with ammonia (1°), propylamine (2°) or dipropylamine (3°) with 
liberation of HCl. The resulting 2-chloro acetamides are then reacted with dioctylamine to 
yield amido–amine intermediates, again with HCl liberated. The resulting amido–amine 
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intermediates are then methylated using methyliodide (section 2.5), and the iodide 
exchanged for nitrate to yield the primary, secondary, and tertiary amido-ammonium nitrate 
compounds, herein referred to as 1AA, 2AA and 3AA.124, 134 
Scheme 3.4.1 – The synthesis of the 1° (1AA), 2° (2AA) and 3° (3AA) amide-ammonium ILs 
starting from 2-chloroacetyl chloride.124, 134 
3.5 REE extraction and separation studies 
3.5.1 Initial REE extraction tests 
To assess the performance of 1AA, 2AA and 3AA against IL0, a series of initial REE extraction 
tests were undertaken. Organic solutions of 1AA, 2AA and 3AA (0.1 M) were all contacted 
with a series of aqueous phases containing La (0.01 M). The different compositions of the 
aqueous phases were: NaNO3 (7.0 M); HNO3/NaNO3 (0.1 M/5.0 M); HNO3 (2.0 M). 
No REE extraction (<1%) is achieved from water alone using 1AA, 2AA or 3AA in accordance 
with the ‘salting-out’ effect and mirrors IL0 (Figure 3.5.1.1).107, 108, 118 The extraction of La from 
NaNO3 (7.0 M) is more successful with 39% (1AA), 83% (2AA) and 72% (3AA) extracted 
respectively. 2AA and 3AA are comparable in REE extraction performance to IL0 (91%) but 
1AA is significantly worse. This is observed again in the extraction of La from HNO3/NaNO3 
(0.1 M/5.0 M), with 52% (IL0), 18% (1AA), 62% (2AA) and 36% (3AA) La extraction 
respectively. The comparisons to IL0 deviate with the extraction of La from HNO3 (2.0 M) as 
IL0 (0.1 M) does not extract La from acid only aqueous phases but 2AA and 3AA do extract 
modest amounts (14%) and (4%) from HNO3 (2.0 M).  
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Figure 3.5.1.1 – Preliminary performance tests for La (0.01 M) extraction using 1AA, 2AA and 
3AA in toluene from water, NaNO3 (7.0 M), HNO3/NaNO3 (0.1 M/5.0 M) and HNO3 (2.0 M), 
compared against IL0. 
1AA under the conditions tested is evidently a poor reagent for La extraction. 1AA is 
presumably the least lipophilic IL studied and may exhibit significant solubility in aqueous 
solutions which would reduce the concentration of 1AA in the organic phase and result in a 
reduction in the quantity of La extracted. Therefore, using NMR spectroscopy, the solubility 
of 1AA in aqueous solutions was investigated. The 1H NMR spectra of a solution of 1AA (0.1 
M) in deuterated benzene was recorded before and after contact with an aqueous solution 
of water of La (0.01 M) and NaNO3 (7.0 M) (Figure 3.5.1.2). Dioxane (4% v/v) was used as an 
internal standard. The integrations of the CH2 proton chemical shifts for the internal standard 




















 (2.  )NaNO3 (7.0 M) NaNO3/HNO3 
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Figure 3.5.1.2 – A comparison of the 1H NMR spectra of 1AA (0.1 M) in deuterated benzene 
before contact (a), following contact with water (b) and following contact with a La (0.01 M) 
and NaNO3 (7.0 M) aqueous phase (c). 
The integrations across all three NMR spectra are equal indicating that 1AA is not aqueous 
soluble to any significant degree (Figure 3.5.1.2) and instead remains in the organic phase. 
This is further supported by contacting 1AA (0.1 M) in deuterated benzene with D2O. The 1H 
NMR spectrum of the resulting D2O phase was recorded and did not show a significant 





Chapter 3: Development of amido-ammonium ILs for REE separation 
83 
 
Figure 3.5.1.3 – The 1H NMR spectrum of a D2O phase following contact with 1AA (0.1 M) in 
deuterated benzene. 
3.5.2 Extraction of REEs using varying IL concentration 
Varying the 1AA, 2AA and 3AA concentration (0.005 – 0.2 M) with a constant aqueous NaNO3 
(7.0 M) concentration results in a similar trend to that of IL0 (section 2.6.2) for the transport 
of La (0.01 M) from single metal aqueous solutions (Figure 3.5.2.1). An increasing 
concentration of the IL transports an increasing percentage of La into the organic phase with 
65% (1AA), 94% (2AA) and 90% (3AA) of La transported at 0.2 M IL0. In contrast, only minimal 
amounts of La are extracted at 0.005 M IL – 3% (1AA), 6% (2AA) and 3% (3AA) respectively. 
Dioxane 
H2O 
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Figure 3.5.2.1 – The extraction of La (0.01 M) using 1AA, 2AA or 3AA (0.005 – 0.2 M) in 
toluene from NaNO3 (7.0 M) aqueous solution. Interpolation used to aid the eye only.  
While increasing the concentration of IL0, 2AA and 3AA has a positive effect on the transport 
of La, the percentage of La extracted with 1AA remains comparatively poor. As such, few 
further studies using 1AA were undertaken and 2AA, due to its greater tolerance of acid 
(Figure 3.5.1.1) will be the chapter’s main focus. 
3.5.3 Extraction of REEs from HNO3 acid solutions 
Similar to IL0 (section 2.6.5), the ability of amido-ammonium ILs to extract REEs is 
substantially reduced as the HNO3 concentration increases beyond 0.1 M.107, 114, 118 When 1AA 
and 2AA (0.10 M) are contacted with an acidic aqueous phase of NaNO3/HNO3 (5.0 M/0.01 – 
2.00 M) and La (0.01 M), the extraction of La is highest (18% and 70%) at low HNO3 
concentrations (0.01 M) (Figure 3.5.3.1). While IL0 does not extract La beyond HNO3 (1.0 M), 
2AA still extracts La to a noticeable degree (38%) at this concentration of acid. The amido-
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Figure 3.5.3.1 – The extraction of La (0.01 M) using IL0, 1AA, or 2AA (0.1 M) in toluene from 
a NaNO3/HNO3 (5.0 M/0.01 – 2.00 M) aqueous solution. Interpolation used to aid the eye 
only. 
The amount of nitric acid extracted by 2AA was quantified using ion-chromatography (IC) 
using the method previously described for IL0 (section 2.7.4). From an aqueous phase of 
NaNO3/HNO3 (5.0 M/0.1 M) IL0 transports 36 mM of nitrate while 2AA only transports 30 
mM. From an aqueous phase of NaNO3/HNO3 (5.0 M/1.0 M) IL0 transports 67 mM of nitrate 
while 2AA only transports 51 mM (Figure 3.5.3.2). These measurements reveal that the 
general trends of both IL0 and 2AA are the same although under all conditions investigated 
2AA transports a lower quantity of nitrate into the organic phase and supports the rationale 
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Figure 3.5.3.2 – The nitrate anion content of aqueous solutions following contact of IL0 or 
2AA (0.1 M) in toluene with HNO3 (0.01 – 1.00 M), HNO3/NaNO3 (0.01 – 1.00 M/5.0 M) and 
HNO3/NaNO3/La (0.01 – 1.00 M/5.0 M/0.01 M). Interpolation used to aid the eye only. 
The increased selectively for REEs and greater tolerance of acid by 2AA could allow for REE 
recovery from HNO3 only solutions, with no NaNO3 salt present. Contacting an organic phase 
containing IL0, 2AA and 3AA (0.1 M) with an aqueous HNO3 (0.0 – 8.0 M) solution containing 
La (0.01 M) shows some extraction of La (14% and 5% at 2.0 – 4.0 M HNO3) with 2AA and 
3AA but virtually none with IL0 (Figure 3.5.3.3).42, 134 Above 4.0 M HNO3 the extraction of La 
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Figure 3.5.3.3 – The extraction of La (0.01 M) using IL0, 2AA or 3AA (0.1 M) in toluene from 
a HNO3 (0.0 – 8.0 M) solution. Interpolation used to aid the eye only. 
3.5.4 Extraction from single REE solutions 
IL0 displays modest selectivity for lighter REEs over heavier REEs (section 2.4).88, 107, 108 To 
compare the selectivity of IL0 against 2AA and 3AA single REE aqueous phases containing La 
– Dy were contacted with IL0, 2AA and 3AA (0.1 M) in toluene. While IL0, 2AA and 3AA all 
readily extract (>60%) the lighter REEs (La – Nd), only minimal extraction (<10%) of 
intermediate–heavier REEs (Eu – Dy) was attained with 2AA indicating a high degree of 
selectivity for lighter REEs by 2AA (Figure 3.5.4.1). In contrast, IL0 still maintains moderate 
extraction (ca. 50%) of intermediate-heavier REEs.  
These differences remain when extracting REEs from moderate NaNO3 concentration (5.0 
M), low HNO3 concentration (0.1 M) aqueous solutions (Figure 3.5.4.2). IL0, 2AA and 3AA 
(0.1 M) in toluene were contacted with single REE aqueous phases containing La – Dy (0.01 
M) and NaNO3/HNO3 (5.0 M/0.1 M). IL0 and 2AA both attain moderate extraction (>40%) of 
the lighter REEs (La – Nd) but 2AA does not extract (<1%) the intermediate–heavier REEs (Eu 
– Dy). IL0 still extracts a minor quantity (ca. 10%) of the intermediate–heavier REEs under the 
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Figure 3.5.4.1 – The extraction of REEs (0.01 M) using IL0, 2AA or 3AA (0.1 M) in toluene from 
a single REE NaNO3 (7.0 M) aqueous solution. Interpolation used to aid the eye only. 
Figure 3.5.4.2 – The extraction of REEs (0.01 M) using IL0, 2AA or 3AA (0.1 M) in toluene from 
a single REE NaNO3/HNO3 (5.0 M/0.10 M) aqueous solution. Interpolation used to aid the eye 
only. 
Under both of the aqueous conditions highlighted (Figure 3.5.4.1 and 3.5.4.2) there are large 
differences in % extraction between Ce/Tb abd Nd/Dy when using 2AA. This is notable as the 
separations of Ce from Tb or Nd from Dy are of significant industrial importance and will be 
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3.5.5 Extraction from mixed REE solutions 
Aqueous solutions in reality often contain multiple REEs rather than one. To investigate the 
selective extraction of REEs from a multiple REE solution, IL0 and 2AA (0.25 M) in toluene 
were contacted with an aqueous phase containing 8 REEs (La – Dy) (0.01 M) and NaNO3 (7.0 
M). An increased IL concentration was chosen in order to compensate for the near magnitude 
increase (x8) in total aqueous REE concentration. The extraction trends across the f-block is 
found to be comparable to that observed with single REE aqueous solutions (Figure 3.5.5.1). 
While the extraction of Nd by IL0 and 2AA was found to be comparable (48 vs. 43 %) a greater 
difference in La extraction under these conditions is observed with IL0 extracting 69% La 
while 2AA extracts 85%. The arguably more significant difference though is that while IL0 
extracts approximately 25% of the heavier REEs (Gd–Dy), the extraction of heavier REEs with 
2AA is reduced to <3%. 
Figure 3.5.5.1 – The extraction of REEs (0.01 M) using IL0 or 2AA (0.25 M) in toluene from a 
mixed REE NaNO3 (7.0 M) aqueous solution. Interpolation used to aid the eye only. 
When extracting REEs from a NaNO3/HNO3 (5.0 M/0.1 M) aqueous phase containing multiple 
(9) REEs (La – Dy) instead, the extraction of each individual REE by either IL0 or 2AA 
decreases. 2AA still modestly extracts (25 – 72%) the lighter REEs (La – Nd) but does not 
extract (<1%) the heavier REEs (Eu – Dy) (Figure 3.5.5.2). IL0 retains some extraction (>5%) 
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Figure 3.5.5.2 – The extraction of REEs (0.01 M) using IL0 or 2AA (0.25 M) in toluene from a 
mixed REE NaNO3/HNO3 (5.0 M/0.10 M) aqueous solution. Interpolation used to aid the eye 
only. 
When a 1°, 2° or 3° amide (0.25 M) (Figure 3.5.5.3) is used in combination with IL0 (0.25 M) 
to extract REEs (La-Dy) (0.01 M) from a NaNO3/HNO3 (5.0 M/0.1 M) aqueous phase the trend 
is similar to that observed with IL0 alone (Figure 3.5.5.4). The % of REE extraction gradually 
decreases across the f-block from 41-59% (La) to 5-10% (Dy). The limited selectivity and 
separation when using an ammonium IL and an amide instead of an amido-ammonium IL 
suggests that the amido-ammonium functionality is crucial to selectivity. 
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Figure 3.5.5.4 – The extraction of REEs (0.01 M) using IL0 (0.25 M) and a  1°, 2° or 3° amide 
(0.25 M) in toluene from a mixed REE NaNO3/HNO3 (5.0 M/0.10 M) aqueous solution. 
Interpolation used to aid the eye only. 
3.5.6 Separation of Ce/Tb and Nd/Dy 
Examining earlier graphs (section 3.5.5) it can be seen that 2AA effectively separates lighter 
REEs from heavier REEs. This is a promising alternative to typical industrial reagents (e.g. 
D2EHPA) that display the reverse selectivity and often only provide separation factors 
between adjacent REEs of about two (section 3.1).74, 166-168  
With Ce and Tb being key constituents within fluorescent lighting, of which many are now 
approaching ‘end-of-life’ and are being succeeded by arguably more sustainable light-
emitting diode (LED) lighting, there is an opportunity to recover Ce from Tb and other 
constituents within fluorescent lighting waste.16, 28, 164, 165 Fluorescent lighting, once crushed 
and finely powdered, has an approximate composition of halophosphate (45 wt. %), silica (25 
wt. %), alumina (12 wt. %) and a significant REE content present as REE phosphors (18 wt. %). 
It is estimated that there are 25,000 tons of REEs available within fluorescent lighting while 
the total quantity mined from ores each year is only five times greater (ca. 125,000 
tonnes).169, 170 There are five common REE phosphors in fluorescent lighting which are 
Y2O3:Eu3+ (YOX), LaPO4:Ce3+, Tb3+ (LAP), (Gd, Mg)B5O10:Ce3+,Tb3+ (CBT), (Ce, Tb)MgAl11O19 
(CAT) and BaMgAl10O17:Eu2+ (BAM). These REE phosphors are often combined in different 
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In a previous study, >95% of Gd, Eu Tb and Y were extracted with D2EHPA (60% v/v) in xylene 
from powdered lighting waste that was leached into an HCl aqueous solution;165 <5% of Ce 
and La was extracted under these conditions, corroborating the preferential extraction of 
heavier REEs by organophosphorus compounds discussed earlier (section 2.1).67, 69 Another 
study explored using methanesulphonic acid to solubilise the REE phosphor – LAP from which 
>95% Tb was subsequently extracted using D2EHPA, and separated from the other REEs 
present (La and Ce).171  
The graphs in section 3.5.5 suggest that 2AA can successfully separate Ce from Tb and 
achieve the inverse separation to that of industrial reagents.67, 69, 165 When contacting 2AA 
(0.1 M) in toluene with a model binary REE aqueous phase containing Ce (0.01 M), Tb (0.01 
M) and NaNO3/HNO3 (5.0 M/0.1 M), Ce is extracted (59%) but not Tb (<0.1%) (Figure 3.5.5.1). 
When using IL0 under the comparable conditions, 46% of Ce is extracted and 3% Tb. While 
IL0 yields a separation factor for Ce/Tb of 25.9 ± 0.4, 2AA achieves a separation factor of 2670 
± 1340 (Table 3.5.5). It should be noted that the large variance is due to the difficulties in 
measuring the very trace concentrations of Tb (<0.01 ppm) in the organic phase. Accuracy 
and error is discussed later (section 7.3). 
Figure 3.5.5.1 – The extraction of REEs (0.01 M) using IL0 or 2AA (0.10 M) in toluene from a 
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The separation of Nd and Dy from one another is of interest as of their prominent use in high 
strength permanent magnets that are found in a range of applications including wind 
turbines, MRI machines, audio systems and hard disk drives.8, 172 The composition of these 
permanent magnets is mainly, Fe (70%), trace B (<1%) and REEs (30%) in ratios between 
Nd:Dy 10-20:1.2, 173-175  
The separation of Nd and Dy by solvent extraction from model solutions representative of 
solubilised permanent magnets has been reported. Using TODGA (Figure 2.2.4) (0.1 M) in an 
aliphatic solvent, preferential extraction of Dy was observed with a maximum separation 
factor of 39 ± 1.1 over Nd achieved.172 Very little Fe, the main constituent within permanent 
magnets, was extracted. In another study, D2EHPA in a very low polarity solvent was used to 
extract Nd and Dy from magnet leachate with a maximum separation factor between Nd and 
Dy of 6.5 ± 0.4.166 Little of the trace elements were extracted and the absolute extraction of 
Nd and Dy was significantly reduced in more polar solvents. Using a phosphonium ionic liquid, 
trihexyl(tetradecyl)phosphonium chloride (Figure 4.2.4), transition metals such as Fe and Co 
present within REE magnet waste have been extracted from HCl solutions.176 REEs remained 
in the aqueous phase allowing for high separation values of 5.0 × 106 for Nd/Fe and 8.0 × 105 
for Sm/Co to be attained. 
In our case, contacting a model aqueous solution of equimolar Nd and Dy (0.01 M) in 
NaNO3/HNO3 (5.0 M/0.1 M) with 2AA (0.1 M) in toluene results in the highly selective 
separation of Nd (35%) over Dy (<0.5%). Under the same conditions IL0 extracts Nd (32%) 
but also Dy (5%) representing a separation factor for Nd/Dy of 9.46 ± 0.17, whereas for 2AA 
the separation factor rises to 162 ± 2 (Table 3.5.5). 
Table 3.5.5 – The separation of two REEs (0.01 M) using IL0 or 2AA (0.10 M) in toluene from 
a binary REE mixture (both 0.01 M), NaNO3/HNO3 (5.0 M/0.1 M) aqueous solution. 
REEs in aqueous solution 
Separation factors e.g. (Laorg/Laaq)/(Ndorg/Ndaq) 
IL0 2AA 
La/Nd 6.14 ± 0.20 6.97 ± 0.12 
Ce/Tb 25.9 ± 0.4 2670 ± 1340 
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La/Dy 70.2 ± 4.2 4280 ± 590 
Nd/Dy 9.46 ± 0.17 162 ± 2 
 
The separation of La from Nd using either IL0 (6.14 ± 0.20) or 2AA (6.97 ± 0.12) is similar 
probably due to the fact that both reagents extract lighter REEs from single-metal solutions 
with comparable success (Figure 3.5.5.1 and Table 3.5.5). The difference is much more 
distinct when comparing the separation of La from Dy. IL0 achieves a separation factor of 
70.2 ± 4.2 but 2AA achieves a separation factor of 4280 ± 590, a 60-fold increase.  
The extraction of Nd can be maximised through multiple contacts of a Nd containing aqueous 
phase with the organic phase. Contacting 2AA (0.25 M) with an aqueous NaNO3/HNO3 (5.0 
M/0.10 M) phase containing Nd (0.05 M) and Dy (0.0025 M) (a concentration ratio 
representative of that obtained from the leaching of a permanent magnet) results in only 
33% Nd extraction following the first contact. Repeatedly contacting the Nd–Dy aqueous 
phase with 2AA (0.25 M) though results, by the 6th contact, in 99% Nd extraction, but <10% 
Dy extraction (Figure 3.5.6.2). This suggests that 2AA can be effective at purifying Nd from 
‘end-of-life’ magnets. The unfunctionalized IL IL0, under the same conditions equally extracts 
99% Nd but also >70% of the Dy present by the 6th contact, reinforcing the comparative lack 
of selectivity of IL0 for lighter REEs over heavier REEs. 
Figure 3.5.6.2 – The extraction of REEs using IL0 or 2AA (0.25 M) in toluene from a 
NaNO3/HNO3 (5.0 M/0.10 M) aqueous solution containing Nd (0.05 M) and Dy (0.0025 M). 
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3.5.7 Summary of the use of amido-ammonium ILs to separate REEs 
Incorporation of a 2° amide into the ammonium cation of a simple IL results in enhanced 
selectivity for the extraction of lighter REEs over heavier REEs by solvent extraction; this 
amido-functionalised IL is also more compatible with acidic solutions. Under the conditions 
and parameters tested, the lightest REEs (La, Ce) can be readily extracted (>80%) with 2AA, 
while the heavier REEs (Tb, Dy) remain almost entirely (ca. 99%) in the aqueous phase. This 
leads to significant enhancement in the separation factors of Ce from Tb or Nd from Dy when 
compared to using non-functionalised IL0, suggesting that the amido-ammonium 
functionality is crucial to the mechanism of transport. This is reinforced by the fact that 
mixtures of IL0 and a conventional 1°, 2° or 3° amide show no significant increase in 
performance. To help gain an insight into the differences in extraction between IL0 and 2AA, 
a series of analytical and computational studies were carried out. 
3.6 Comparing the assemblies formed in the organic phases with IL0 
and 2AA ILs 
3.6.1 Karl-Fischer water content measurements 
Similar to IL0, does not transport REEs through a reverse-micelle process. This was concluded 
through a similar series of experiments as those undertaken for IL0 (section 2.7.1). 
A linear increase in the volume of water transported as the concentration of 2AA was 
increased (0.01 – 0.50 M) is observed (Figure 3.6.1.1), similar to IL0. Furthermore, contact of 
a solution of 2AA with a NaNO3/La (7.0 M/0.01 M) aqueous phase results in a lower volume 
of water being transported; at 0.1 M 2AA, only 1016 ppm of water is transported compared 
with 1690 ppm for a water only contact. While 2AA may be expected to transport more water 
than IL0, due to the secondary amide functional group having an increased propensity to 
form hydrogen bonds, 25% less water on average was transported with 2AA than with IL0.  
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Figure 3.6.1.1 – Karl-Fischer measurements of the water content of solutions of IL0 and 2AA 
(0.01 - 0.50 M) in toluene after contact with water and a NaNO3/La (7.0 M/0.01 M) aqueous 
phase. 
When the REE (Nd) concentration (0.01 – 0.50 M) in the aqueous phase is varied but the 2AA 
(0.25 M) concentration remains fixed, a decrease in water content (Figure 3.6.1.2) is 
observed in the organic phase, matching the trend of IL0 (section 2.7.1); the water content 
in the loaded 2AA organic phase was found to decrease from 2989 ppm to 1169 ppm. This 
indicates that the general mechanism of REE transport into the organic phase for both ILs is 
similar. 
Figure 3.6.1.2 – Karl-Fischer measurements of the water content of solutions of IL0 and 
2AA (0.25 M) organic phases after contact with an aqueous phase of varying Nd 
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3.6.2 Mass spectrometry of the 2AA organic phase 
The similar pathway of REE extraction by IL0 and 2AA is additionally indicated by the mass 
spectrometry data. When the experimental procedure described previously for IL0 (section 
2.7.2) (where the organic phase content of La, Nd or Dy is maximised) is repeated with 2AA 
instead, ions of the general formula REE(NO3)4(2AA)n– (where n = 0 – 3) are identified in the 
–ve mode ESI-MS (Figure 3.6.2). A repeating unit of m/z 417.35 correlating to 2AA is observed 
and no REE containing ions comprising more than three 2AA were identified, although this 
may be due to the relatively harsh experimental mass spectrometry conditions, e.g. cone 
voltage, as previously discussed (section 2.7.2).129, 130 Assemblies containing water molecules 
are not detected and the reasoning is previously discussed (section 2.7.2). 
 




Figure 3.6.2 – Negative-ion mode ESI-MS of 2AA (0.05 M) diluted with methanol (1:25,000) after contact with a NaNO3 (7.0 M) aqueous phase 
containing Nd (0.05 M). Anions of the general formula Nd(NO3)4(2AA)n– with m/z ratios of 389.8577 (n = 0, calc. 389.8585), 807.2157 (n = 1, calc. 
807.2151), 1224.5718 (n = 2, calc. 1224.5718) and 1641.9231 (n = 3, calc. 1641.9284) are identified.
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3.6.3 1H, 13C and 15N NMR studies 
While the ammonium cation of IL0 cannot coordinate directly to a REE, 2AA could potentially 
coordinate directly to a REE centre through the amide group. REEs coordinated by neutral 
functional groups within overall positively charged ligands are known. These include a nine-
coordinate Eu centre coordinated by a phosphine oxide donor group of an imidazolium ion 
(section 3.3) and a partially hydrated Y dimer complex bridged by two carboxylate groups of 
imidazolium cations.160, 177 Currently, no crystalline complexes with a REE-amide-ammonium 
motif (Figure 3.6.3.1) are reported, or for any 3+ metal centre, but 2+ Mn,178 Co,179 Ni,180 
Cu,181 and Zn182 solid-state structures with a M-O=C-CH2-NR3+ structural motif are known.  
 
Figure 3.6.3.1 – Left: proposed inner-sphere coordination of an ammonium-amide ligand to 
a REE3+. R1 is any alkyl chain. R2 is any alkyl chain or H. Right: A seven coordinate Zn2+ 
containing a Zn-amide-ammonium structural motif (CSD code: ADIROX).182 
To investigate the potential inner-sphere binding of 2AA to a REE centre, 1H, 13C, and 15N NMR 
spectra of a solution of 2AA (0.05 M) in deuterated benzene were recorded before and after 
contact with an aqueous solution of La (0.01 M) and NaNO3 (7.0 M). If amide complexation 
to the La was to occur, a substantial chemical shift in the NMR spectra of nuclei associated 
with the amide functional group would be expected. A change in the chemical shift can also 
result from strong outer-sphere interactions between amide and anionic La nitratometalate. 
The changes in the chemical shifts in the 1H NMR spectra of 2AA (Table 3.6.3) (Figure 3.6.3.2) 
are more significant than those seen for IL0 (section 2.7.3). The largest proton chemical shifts 
correlate to those associated with the amide functional group. The amide proton (NH) shifts 
to a lower frequency (9.26 ppm to 8.56 ppm), indicating a large increase in shielding and 
electron density. The two neighbouring CH2 protons are also shifted, from 4.71 ppm and 3.32 
ppm to 4.22 ppm and 2.91 ppm, respectively. These changes in proton chemical shifts are 
concurrent with previously reported chemical shift changes for these proton environments 
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following La-amide complex formation.183, 184 Protons multiple bonds away from the amide 
functional group were only marginally shifted, with those furthest away (e.g. OCNCH2CH2) 
actually becoming marginally more deshielded.  
Table 2.7.3 – The change in 1H NMR chemical shifts for 2AA (0.05 M) after contact with a La 
(0.05 M), NaNO3 (7.0 M) aqueous phase. NMR spectra were recorded in deuterated benzene. 
Assigned Proton 1H NMR shift before 
La (0.05 M) loading (ppm) 
1H NMR shift after 
La (0.05 M) loading (ppm) 
NHCO 9.26 8.56 
NCH2N 4.71 4.22 
OCNCH2 3.32 2.91 
OCCH2NCH2 3.29, 3.44 3.13, 3.43 
NCH3 3.08 2.91 
OCNCH2CH2 1.64 1.69 
 
Figure 3.6.3.2 – A comparison of the 1H NMR spectra of 2AA (0.05 M) in deuterated benzene 
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The 13C[1H] NMR spectra prior and post contact are very similar and almost unchanged, with 
the 13C chemical shifts varying by less than 0.1 ppm (Figure 3.6.3.3) with one exception. The 
NCH2CO carbon shifted to a lower frequency (60.9 ppm to 60.2 ppm), a 0.7 ppm shift 
suggesting a very minor increase of electron density. 
Figure 3.6.3.2 – A comparison of the carbon NMR spectra of 2AA (0.05 M) in deuterated 
benzene (a) before contact and (b) after contact with a NaNO3/La (7.0 M/0.05 M) aqueous 
phase.  
Minor changes in the 15N chemical shifts are observed in the HMBC long-range 1H-15N 
correlation NMR spectra (Figure 3.6.3.3). The amide nitrogen shifted to lower frequencies, 
from 127.3 ppm to 123.4 ppm and, to a lesser degree, the ammonium nitrogen shifted from 
59.9 ppm to 59.0 ppm. The shifts for all nuclei are much less pronounced, if at all, when 
contacted with a NaNO3/HNO3 aqueous phase containing no REE. It should be emphasised 
that this is not evidence of an inner-sphere REE-amide-ammonium structural motif such as 
that illustrated (Figure 3.6.3.1) but merely that there is a significant change in the chemical 
environment of the atoms associated with the amide functional group. Considering that 
similar experiments using the paramagnetic REE (Ce) did not result in paramagnetically 
shifted and broadened resonances in the 1H NMR spectrum after contact, it is highly doubtful 
(a) 
(b) 
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that there is any inner-sphere coordination of the amide to the REE, and instead only outer-
sphere interactions exist. 
Figure 3.6.3.3 – A comparison of the HMBC long-range 1H-15N NMR spectra of 2AA (0.05 M) 
in deuterated benzene (a) before contact and (b) after contact with a NaNO3/La (7.0 M/0.05 
M) aqueous phase.  
3.6.4 Infrared spectroscopy 
A weakening of the carbonyl C=O bond of 2AA could be diagnostic of amide coordination to 
the Lewis acidic REE centre. Infrared spectrometry (IR) has, for example, been used to 
support the coordination of diglcyolamide ligands to REEs due to the observation of 25 cm-1 
shifts in the carbonyl bond stretching frequency.154, 185 The IR spectrum of 2AA (0.05 M) in 
toluene was initially recorded against a toluene background. The amide carbonyl double 
bond stretch is observed as a distinct and sharp peak at 1683 cm-1 (Figure 3.6.4). The IR 
spectrum of 2AA (0.05 M) acquired after multiple contacts with a NaNO3/La (7.0 M/0.05 M) 
aqueous phase shows no shift of the carbonyl stretching frequency, suggesting that Lewis 
acid coordination does not occur, and is concurrent with only outer-sphere interactions 
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Figure 3.6.4 – The IR spectra of IL0 (0.05 M), pre and post contact with a NaNO3/La (7.0 M/ 
0.05 M) aqueous phase. Compared against a toluene background. 
3.6.5 Summary of the experimental analyses  
The spectroscopic and analytical data show that 2AA extracts REEs through the same general 
pathway as that of IL0 where multiple NO3− anions are coordinated in the inner-sphere of a 
partially dehydrated REE to form the series of anions REE(NO₃)n(H2O)x– (where n>3 and x>0). 
Given the notable shifts in the 1H and 15N NMR spectra, the improved REE extraction with 
2AA compared against IL0 is plausibly a result of enhanced hydrogen-bonding interactions 
within the post REE extraction aggregates that are facilitated by the amide groups. To probe 
the potential of hydrogen-bonding interactions, and to help understand the differences 
between IL0 and 2AA computational studies comparing the two systems were undertaken. 
3.7 Comparing the IL0 and 2AA organic phase assemblies 
computationally 
3.7.1 Overview and introduction 
The computational simulations undertaken for IL0 (section 2.8) were replicated for 2AA to 
allow comparison of the organic assemblies. Computational simulations modelling the 
formation of 2AA-nitrate-water-La aggregates were run using classical molecular dynamics 
(MD) as described previously (section 2.8.1) and the starting geometry of the amido-
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the B3LYP level of theory with the basis set 6-31+G* applied (Section 7.6)). Further details for 
sections 3.7.2 and 3.7.3 are provided in section 7.6. 
 
Figure 3.7.1 – The optimised starting geometry for the amido-ammonium cation of 2AA. 
3.7.2 Comparison of the classical MD simulated IL0-La and 2AA-La assemblies 
A classical MD simulation of a 60 Å3 randomly configured toluene solvent box comprising 
1147 toluene molecules, three 2AA extractants, three nitrate anions, three water molecules 
and one La3+ cation was allowed to proceed. Starting from a random configuration, a stable 
aggregate of ammonium cations, nitrate anions and water molecules is formed where 
multiple nitrate anions and water molecules are associated with a partially dehydrated La 
centre (Figure 3.7.2.1). 
 




Figure 3.7.2.1 – The formation of a REE-2AA-water-nitrate aggregate following a classical MD 
simulation (top – front, bottom – reverse). Parameters for visualisation are described 
previously (section 2.8.2).  
The aggregate initially appears remarkably similar to that of IL0-La although closer inspection 
reveals some structural differences. While the IL0-La aggregate (section 2.8.2) contained all 
three water molecules in the inner-coordination sphere of the La centre and were 
encapsulated well within the lipophilic alkyl carbon chains, the 2AA-La aggregate only has 
two water molecules, with the third residing away from the La centre and interacting only 
with a nitrate anion and amide group (Figure 3.7.2.1).  
By comparing the average number of water molecules and nitrate anions associated with La 
as the distance from the La centre increases, it is confirmed that only two water molecules 
interact with the La centre and are always with 2.75 Å (Figure 3.7.2.2). Five nitrate anions 
were found to always be within 3.65 Å while the final nitrate anion in the 2AA-La simulation 
is always closer (<6.05 Å) than in the IL0-La simulation (>10.0 Å). The average distance of the 
amide group (oxygen and nitrogen atoms) to the La centre indicates that inner-sphere 
coordination of the amide does not occur (O-La distance >6.25 Å) comparing well with the 
FT-IR and NMR spectroscopic data. The absence of amide-REE coordination here represents 
a divergence from previous amide and REE MD modelling work that reports the presence of 
amide-REE coordination.50, 52, 186, 187  
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Figure 3.7.2.2 – Integrations obtained from the g(r) output plot from a classical MD 
simulation indicating how the average number of 2AA extractants, water molecules and 
nitrate anions associated with La increases as a function of distance from La following the 
spontaneous formation of a La-containing aggregate. Averaged over 50 simulation frames 
(0.75 ns). 
The amide functional groups of 2AA contribute to a hydrogen-bonding network that is much 
more complex than that observed with IL0, providing hydrogen-bonding interactions similar 
to those reported previously within other amide-REE MD simulations.188 The hydrogen-
bonding interactions of the 2AA amide groups, nitrate anions and water molecules (Figure 
3.7.2.1) help provide a molecular scaffold for the more lipophilic alkyl chains and thus results 
in the components of the assembled aggregate residing closer to one another.189, 190 As IL0 
can only form non-classical hydrogen bonds (Figure 2.8.2.1), the lipophilic alkyl chains in this 
case are more poorly templated leading to reduced encapsulation of the La centre and an 
aggregate of lower sphericity. In contrast, encapsulation measurements using a Monte Carlo 
script (section 7.6.2) for aggregates formed using 2AA show a lower La core exposure (over 
50 simulation frames) of 3.8 ± 0.5 % than that of IL0 (4.9 ± 0.4%).43 The more effective 
shielding and encapsulation of the La by 2AA than IL0 may help explain why 2AA extracts La 
more readily from mildly acidic solutions. 
Interestingly, when repeating the MD simulations using 1AA or 3AA (parameters provided 
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conditions, all charged components within the non-polar solvent will, given enough time, 
aggregate (Figures 3.7.2.3 – 3.7.2.4). The stability of the aggregates studied thus appears to 
depend upon how effectively a molecular scaffold of comparatively polar constituents can 
promote the assembly of only weakly charged lipophilic groups. 
 
Figure 3.7.2.3 – The formation of a REE-3AA-water-nitrate aggregate following a classical MD 
simulation (left – front, right – reverse). 
The amide groups of 3AA, in contrast to 2AA, are not involved in hydrogen-bonding (Figure 
3.7.2.3) and instead have a tendency to be positioned on the periphery of the assembly, 
meaning only water molecules and nitrate anions are within the hydrogen-bonding network. 
Meanwhile, 1AA creates an effective cavity for La with an extensive hydrogen-bonding 
network of multiple amide-nitrate, amide-water and water-nitrate interactions (Figure 
3.7.2.4). This is somewhat surprising given that 1AA is a relatively poor reagent for the 
recovery of REEs (section 3.5) which perhaps arises from the lipophilicity of 1AA being 
insufficient to adequately shield the REE centre, limiting its ability to transport REEs into the 
organic phase. 






Figure 3.7.2.4 – The formation of a REE-1AA-water-nitrate aggregate following a classical MD 
simulation (top – front, bottom – reverse). 
3.7.3 Comparison of the REE-IL0 and REE-2AA assemblies by DFT 
Aggregation can be observed in all the MD simulations (section 3.7.2) indicating that classical 
MD simulations alone cannot fully explain the differences in REE extraction with IL0 and 2AA. 
The amide-REE aggregates seen by MD simulations suggest that small contributions to 
stability that manifest beyond the primary coordination sphere, such as hydrogen-bonding 
interactions, are essential.189, 190 To quantify the subtle differences in stability of the La-IL0 
and La-2AA aggregates, a series of DFT calculations were undertaken. The stable La-2AA 
aggregation (Figure 3.7.2.1) from the MD simulations was optimised to allow comparison to 
the La-IL0 structure (section 2.8.6). MD simulations with Nd and Dy, rather than La, were 
undertaken with both IL0 and 2AA and the resulting Nd-IL0, Dy-IL0, Nd-IL0 and Dy-2AA 
assemblies were optimised to allow for comparison across the f-block. DFT calculations were 
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all undertaken at the M06 level of theory with the basis set 6-31+G* applied (section 7.6) and 
the distance cut-off for inner-sphere coordination was set at 3.0 Å. 
 
Figure 3.7.3.1 – A DFT optimised structure of a Dy-containing aggregate from an MD 
simulation comprising one Dy (black), three nitrate anions, three 2AA extractants and three 
water molecules. Only the amide functional group of the ammonium cation is shown and 
depth visualisation is applied for clarity. 
The six optimised structures consisted of a 9, 10 or 11 coordinate REE containing water 
molecules and a combination of mondentate and bidentate nitrate anions in the inner-
coordination sphere. Results are summarised in the table below (Table 3.7.3.1). The 
coordination number trends downwards from La to Dy as expected.4, 86, 88, 136 Dependant on 
REE, the coordinated water molecules resided at an average distance of between 2.43 – 2.70 
Å and the coordinated nitrate anions between 2.47 – 2.70 Å. These compare well with solid 
phase crystallographic data for a La-nitrate complex (CSD code: MUQREW) with average La-
O water bonds of 2.55 Å and average La-O nitrate bonds of 2.69 Å.104 In both the IL0 and 2AA 
simulations, nitrate anions act as structural ‘anchors’ by donating electron density to 
hydrogen-donors such as water molecules (Figure 3.7.3.1). To a greater effect in the 2AA 
simulations, amide groups are involved in hydrogen-bonding interactions and increase the 
molecular scaffolding.48 Only hydrogen-bonding interactions where the H…X (where X is a 
Lewis-base) distance is shorter than 2.0 Å are illustrated. 
Outer-sphere 
nitrate 
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Table 3.7.3.1 – A summary of the DFT optimised inner-coordination spheres of the La-IL0, 
Nd-IL0, Dy-IL0, La-2AA, Nd-2AA and Dy-2AA assemblies and their immediate outer-
coordination spheres (approx. <5.0 Å). All distances in Å. Coordination number = CN. 
*The inner-coordination sphere of the Nd-2AA assembly also contains one coordinated ammonium-
amide with a REE-O bond distance of 2.56 Å. 
With the assemblies showing distinctly different inner-coordination spheres, a series of 
formation energy (Uf) calculations (section 7.6.3) were undertaken to determine if the 
formation of the REE-2AA organic phase assemblies was more thermodynamically favourable 
than REE-IL0 assembly formation and if formation of La assemblies was more favourable than 
Nd or Dy, to explain the selectivity seen experimentally. The formation energies of all the 
assemblies were calculated from the internal energies of all the individual components and 
of the REE-IL assemblies (Eq. 3.7.3). 
Eq. 3.7.3 –   Σ U(products) – Σ U(reactants) 
Where an REE-IL assembly is the product and water molecules, a REE cation, ammonium 
cations and nitrate anions are the reactants. The formation of all assemblies was determined 
to be favourable (Table 3.7.3.2). The formation energies of the 2AA assemblies were more 
negative than those of IL0 and this agrees with the experimental work that indicates that 
2AA forms more stable complexes with REEs than IL0. Formation energies of −37 KJ mol-1 for 
La-IL0 and −157 KJ/mol-1 for La-2AA compare favourably with formation energies for other 
supramolecular assemblies formed following metal recovery processes.84, 85  
Assembly REE CN. 










(avg. REE-O distance) 
No. outer- 
sphere (REE-
O distance) Monodentate Bidentate Distance  
La-IL0 11 3 (2.70) N/A 2 3  (2.69) 0 
Nd-IL0 11 1 (2.66) 1 (5.15) 0 5 (2.59) 0  
Dy-IL0 10 1 (2.45) 1 (4.57) 1 4  (2.49) 0 
La-2AA 11 2 (2.57) 1 (4.66) 1 4  (2.70) 1 (5.11) 
Nd-2AA* 10 2 (2.51) 1 (4.75) 3 2  (2.62) 0  
Dy-2AA 9 3 (2.43) N/A 4 1  (2.47) 1 (4.74) 
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Basis set superposition error (BBSE) has not been accounted for this work. BSSE manifests 
itself from the basis set used typically describing the orbitals within assemblies (products) 
more accurately than the individual components (reactants). This can result in a formation 
energy (Uf) error of up to 30% for a basis set such as 6-31+G* (section 7.6.3).191-193 This error 
can be somewhat mitigated by using a basis set that includes more Gaussian functions (e.g. 
6-311+G*) but this increases computational demand which, in these simulations, is already 
very high. BSSE can be accounted for using the counterpoise correction method although as 
each REE-IL assembly in this work involves 13 reactants, this too was determined to be 
computationally unfeasible.194 As BSSE is systematic of all the simulations discussed and the 
error in the formation energies (Uf) should be comparable due to the structural similarity 
of the assemblies, BSSE has not been accounted for. 
Table 3.7.3.2 – The formation energies of REE-IL assemblies. 
                                                                                                                                                                   
In disagreement with the experimental trend, the Nd and Dy assemblies were calculated to 
form more readily than the La assemblies (Table 3.7.3.2). The formation energy calculations 
suggest that Dy should be the most readily extratced REE studied but experimentally this 
does not occur. The input geometries for these DFT calculations were very large assemblies 
from classical MD simulations, consisting of either 250 or 274 atoms and is nearing the limit 
of what is computationally feasible with QM. Associated with these large REE-IL assemblies 
will be complex potential energy surfaces with many local minimum and as such the global 
minimum is perhaps difficult to reach (section 7.6).195 Therefore, it is possible that within the 
Dy classical MD simulations a more stable assembly was formed than in the La MD 
simulations, resulting in a local minimum of lower energy following DFT optimisation.  
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To investigate this, Dy was simply replaced with La or Nd in the DFT optimised structures of 
Dy-IL0 and Dy-2AA and re-optimised. Conversely, La was replaced with Dy in the DFT 
optimised structures of La-IL0 and La-2AA, and re-optimised. As hypothesised, the formation 
energies for the La-IL0, La-2AA, Nd-IL0 and Nd-2AA assemblies, having started from the Dy-
IL0 and Dy-2AA scaffolds were more negative than those initially obtained, indicating that 
this geometry is overall a more stable assembly regardless of the REE. The formation energies 
for the Dy-IL0 and Dy-2AA assemblies having started from the La-IL0 and La-2AA scaffolds 
were less negative than those of the initial Dy-IL0 and Dy-2AA assemblies (Table 3.7.3.3). 
Table 3.7.3.3 – The formation energies of REE-IL assemblies. 
                                                                                                                                                                   
Interestingly, the La assemblies, even when starting from the DFT optimised Dy assemblies 
(Dy-IL0 and Dy-2AA), still remain the least stable and the Dy assemblies still remain the most 
stable. The lowest energy structure found for La-IL0 has a formation energy of -79 KJ mol-1 
compared against -234 KJ mol-1 for Nd-IL0 and -273 KJ mol-1 for Dy-IL0 (Table 3.7.3.3, Figure 
3.7.3.2). The lowest energy structure found for La-2AA has a formation energy of -245 KJ mol-
1
 compared against -383 KJ mol-1 for Nd-2AA and -419 KJ mol-1 for Dy-2AA (Figure 3.7.3.3). 
The calculated approximate 285 KJ mol-1 difference for hydG* between La and Dy is of a 
similar magnitude to the difference in assembly stability (Uf).85-88 The DFT modelling work 
Initial assembly REE replacement  Formation energies (Uf) (KJ mol-1) 
La-IL0 
 -37 
When La is replaced with Dy  -193 
Nd-IL0  -182 
Dy-IL0 
When Dy is replaced with La -79 




When La is replaced with Dy -325 
Nd-2AA  -295 
Dy-2AA 
When Dy is replaced with La -245 
When Dy is replaced with Nd -383 
 -419 
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has attempted to account for hydration enthalpy by applying a polarizable continuum model 
(PCM) of water to the DFT optimisation of highly polar components although this 
consideration is perhaps insufficient to account for the stability differences resulting in the 
observed discrepancy between computational and experimental data. This discrepancy is 
discussed and considered further later in the chapter and within the conclusion. 
 
 





Figure 3.7.3.2 – The lowest energy structures found for DFT-optimised assemblies of La-IL0 
(top) Nd-IL0 (centre) and Dy-IL0 (bottom). La (green) and Nd (purple) assemblies have been 
optimised from the optimised Dy-IL0 (black) structure. For clarity, the ammonium cations are 
hidden, depth visualisation is applied and ChemDraw representations provided. 
 
Figure 3.7.3.3 – The lowest energy structures found for DFT-optimised assemblies of La-2AA 
(top) Nd-2AA (centre) and Dy-2AA (bottom). La (green) and Nd (purple) assemblies have 
been optimised from the optimised Dy-2AA (black) structure. For clarity, only the amide 
functional group of the ammonium cation is shown and depth visualisation is applied. 
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In each DFT geometry optimisation, the inner- and outer-coordination shells remain broadly 
unchanged following replacement of one REE with another (Figures 3.7.3.2 – 3.7.3.3, Table 
3.7.3.4). The exception to this is the replacement of Dy in the Dy-2AA assembly with La. The 
REE coordination number increased from nine to ten due to the bidentate coordination of 
two nitrates rather than one and can be attributed to the larger radii of La that is able to 
accommodate higher coordination numbers than Dy.4, 5, 136 The only changes observed in the 
other DFT optimisations were either minor bond contractions (<0.2 Å) such as upon replacing 
La with Dy or minor bond elongations (<0.2 Å) such as upon replacing Dy with La and is 
predominately due to the different Lewis acidity of each REE. The coordinated water 
molecules resided at an average distance of between 2.43 – 2.63 Å and the coordinated 
nitrate anions between 2.47 – 2.66 Å dependant on REE. 
Table 3.7.3.4 – A summary of the DFT optimised inner-coordination spheres of the lowest 
energy structures found for the La-IL0, Nd-IL0, Dy-IL0, La-2AA, Nd-2AA and Dy-2AA 
assemblies and their immediate outer-coordination spheres (approx. <5.0 Å) having started 
from DFT optimised Dy-IL0 or Dy-2AA. All distances in Å. Coordination number = CN. 
                                                                                                                                                             
While solid state structures of partially hydrated REE-nitrate complexes are rare, these bond 
distances are comparable those reported such as a [Nd(NO3)(H2O)6](NCS)2(H2O) compound 
(CSD code: QQQFQD) where Nd-water bond distances of 2.60 Å and a Nd-nitrate bond 
distance of 2.51 Å were reported. The ability for the amide groups to provide a molecular 
Assembly REE CN. 










(avg. REE-O distance) 
No. outer- 
sphere (REE-
O distance) Monodentate Bidentate Distance  
La-IL0 10 1 (2.63) 1 (4.59) 1 4  (2.62) 0 
Nd-IL0 10 1 (2.56) 1 (4.60) 1 4  (2.57) 0 
Dy-IL0 10 1 (2.45) 1 (4.57) 1 4  (2.49) 0 
La-2AA 10 3 (2.57) N/A 3 2  (2.66) 1 (4.89) 
Nd-2AA 9 3 (2.51) N/A 4 1  (2.54) 1 (4.80) 
Dy-2AA 9 3 (2.43) N/A 4 1  (2.47) 1 (4.74) 
Chapter 3: Development of amido-ammonium ILs for REE separation 
116 
 
scaffold is retained when Dy is replaced with La or Nd. The amide groups ‘pull’ the lipophilic 
ammonium cations closer to the REE nitratometalate through hydrogen-bonding interactions 
with nitrate oxygens. The increased thermodynamic stability of the 2AA assemblies over the 
IL0 assemblies can be attributed to the increased stability that these amide-nitrate hydrogen-
bonding interactions provide. Hydrogen-bonding interactions between water molecules and 
nitrate anions are prominent in both the IL0 and 2AA assemblies and contribute towards the 
negative formation energies of the IL0 and 2AA assemblies. While a single hydrogen-bond 
only provides a relatively small stability gain, several hydrogen-bonding interactions 
collectively provide a significant gain to stability.189 
While these (Figures 3.7.3.2 – 3.7.3.3) are the lowest energy structures found it should be 
stressed that they still may not be the global minimum energy structures, given that they fail 
to account for the selectively found experimentally, and are perhaps still only local minimum 
on a very complex potential energy surface.195 Clear discrepancies remain between the 
experimental and computational trends which cannot be ignored. 
The classical MD simulations and the DFT simulations only model the formation of one 
singular REE(NO3)3(IL)3(H2O)3 assembly as it would be very computationally demanding to 
model the interactions of multiple REEs with a large number of ILs.  
However, as strongly suggested by multiple analytical and spectroscopic techniques, the 
organic phase contains many REE nitratometalates at a maximum REE loading of 
approximately 40% (assuming 3:1 ratio of REE: IL0 or 2AA).  This initially suggests that the 
remaining ammonium cations of IL0 or 2AA in the organic phase do not associate with REE 
nitratometalates. Despite this, multiple ammonium cation environments are not observed 
on the NMR timescale (Figure 2.7.3.2 and 3.6.3.2), perhaps due to ammonium cations 
associated with REE nitratometalates exchanging with non-associated ammonium cations. 
Therefore while REE(NO3)3(IL)3(H2O)3 assemblies may be present in the organic phase, and 
the 3:1 ratio of REE: IL0 upheld, these assemblies may be more dynamic and less discrete 
than those modelled. 
Additionally, the formation of clusters consisting of multiple loosely associated REE-IL 
assemblies, akin to those known for REE-diglcolamide systems (section 3.2), has not been 
totally discounted experimentally.52 If weakly associated REE-IL clusters were present in the 
Chapter 3: Development of amido-ammonium ILs for REE separation 
117 
 
REE loaded organic phase their detection by FT-ICR ESI-MS would be unlikely due to 
fragmentation. 
The explanations as to why Dy complexes are the most stable computationally are 
speculative. Further computational modelling work is required to fully understand why there 
is a discrepancy between the experimental and theoretical work. This may involve the 
modelling of much larger simulations to try and accountant for potential bulk organic phase 
effects and dynamic exchange. EXAFS measurements have previously been successful at 
characterising challenging solution phase species and may provide a vital insight into the 
inner-coordination spheres in these REE-IL assemblies.53, 109, 120, 155 
3.8 Conclusions 
The 2° amido-ammonium IL 2AA extracts lighter REEs with a significantly higher selectivity 
over heavier REEs than IL0. The high degree of separation of Ce from Tb or Nd from Dy is 
particularly promising given the occurrence of these REE pairs in a range of waste electronic 
and electrical equipment.7, 165, 172, 174 The separation factors for these element pairs 
comfortably exceed those reached using conventional organophosphorus reagents. The 1° 
or 3° amido-ammonium ILs do not exhibit comparable performance, and neither does a 
synergistic mixture of IL0 and a 2° amide, highlighting that particular structural characteristics 
of 2AA are key to its performance.  
Analytical and computational evidence indicates that 2AA extracts REEs through a similar 
mode of action to IL0, forming REE(NO3)5(H2O)22– nitratometalates in the organic phase. DFT 
simulations indicate that the amide groups of 2AA, in combination with nitrate anions and 
water molecules, provide an extensive outer-sphere hydrogen-bonding network that 
provides a molecular scaffold for the comparatively lipophilic alkyl chains to encapsulate the 
REE-metalate which ultimately results in stronger light REE extraction than IL0. The small 
differences in ionic radii between the REEs appear to be amplified by these outer-sphere 
interactions and provide the greater selectivity observed.80 Unfortunately not all of the 
computational work corroborates the experimental work and requires more investigation, 
with EXAFS measurements likely to be of great benefit. 
If the ability of 2AA to separate lighter REEs from heavier REEs remains effective when 
starting from ‘real’ non-synthetic leach solutions, and can be combined with a more 
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environmentally friendly leaching process that does not use harsh acidic conditions, a 
sustainable process to purify REEs could be proposed. As such, the bioleaching of REEs from 
a zirconate mineral and their subsequent separation using 2AA in a solvent extraction 
process will be explored in Chapter 4. 
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4 Bioleaching of REEs 
4.1 Introduction 
The leaching stage of a hydrometallurgical flowsheet (section 1.2) for REE purification usually 
involves a strong inorganic acid or base at elevated temperatures. As highlighted earlier 
(section 1.3), industrial leaching operations can have a significant negative environmental 
impact. Alternative REE leaching methods are known, including the leaching of REEs with 
organic acids rather than inorganic acids or the bioleaching of REEs with a bacteria or fungi 
strain that either accelerates acid production or produces an organic acid as a metabolic by-
product.196, 197 
4.2 Leaching of REEs with organic solutions 
Few studies have reported non-aqueous leaching processes of REEs but several non-aqueous 
leaching processes have been reported for transition metals.196, 198, 199 One REE leaching study 
using an IL (Figure 4.2.1) at elevated temperatures, reported that over 70% of the trace REEs 
within bauxite residue were leached but that minimal (<3%) Fe and negligible value elements 
such as Si were leached.200  
 
Figure 4.2.1 – An IL (betainium bistriflimide) used for the leaching of REEs from bauxite 
residue.200 
At elevated temperatures (>55 °C), the IL (Figure 4.2.1) is water miscible allowing the leaching 
of REEs to proceed by the simplified equation: 
Eq. 4.2.1 –    6 HIL + REE2O3  2 REE(IL)3 + 3 H2O 
Where HIL is betainium bistriflimide and IL is deprotonated HIL. 
Upon cooling, the water and IL phases disengaged and preferential leaching of REEs was 
observed. The ability to effectively leach REEs was attributed to the acidity of the ammonium 
cation which is reported to be more acidic (pKa 1.83) than alkanoic acids such as acetic acid 
(pKa 4.75) due to the inductive effect of the positive charge of the ammonium.200, 201  
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Earlier work showing limited solubility of Fe and Si in HIL explains why the leaching of REEs 
from bauxite residue is selective. Following leaching, bidentate coordination to the REE 
centre through the carboxylic acid groups of the betainium cation occured, and was 
confirmed by X-ray crystallography.202 The REEs could be readily stripped from the IL organic 
phase with HCl (4.0 M), regenerating the IL.200  
HIL in another study has been shown to preferentially leach the valuable red phosphor 
Y2O3:Eu3+ (YOX) while leaving other phosphors such as LaPO4:Ce3+, Tb3+ (LAP) and 
BaMgAl10O17:Eu2+ (BAM) undissolved.203 Effectively complete leaching of the red phosphor 
was achieved by HIL and 5 wt% water at 90 °C over 96 hours. The researchers attributed the 
selective leaching to the inability of [Hbet][Tf2N] to solvate anions efficiently, meaning HIL 
almost exclusively dissolved only metal oxides such as Y2O3. 
A mixture of choline chloride, urea and malonic acid (Figure 4.2.2) has been reported to leach 
Y, Sm and Nd selectively over La and Ce from bastnaesite, corroborating similar studies.204, 
205 Following leaching (1 week, 50 °C) >90% of Y, Sm and Nd was leached compared to <40% 
of Ce and La. Furthermore, negligible Ca, Mg and Fe were solubilised, minimising 
downstream process issues. Malonic acid reacted with the REE-carbonates producing H2CO3, 
accelerating the leaching process, although the processes resulted in consumption of malonic 
acid. Despite this drawback, the IL, choline chloride is naturally occurring, bolstering its 
environmentally friendly credentials. 
 
Figure 4.2.2 – Choline chloride (left). Urea (centre left). Malonic acid (centre right). Lactic acid 
(right). 
Following ball-milling, the metallic elements (Fe, Co, Nd, Pr, Gd, and Dy) of a NdFeB magnet 
were effectively leached (>75%) with a choline chloride: lactic acid (1:2) (Figure 4.2.2) mixture 
(24 h, 70 °C).206 Lactic acid reacted with the metal oxides present during leaching to produce 
water. Addition of water to the organic solution significantly decreased leaching (Figure 
4.2.3), presumably due to water being a product of the leaching process. The leached 
transition metals (Fe and Co) were recovered using Aliquat 336 in toluene while REEs were 
recovered from the leach solution with D2EHPA.  
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Figure 4.2.3 – The leaching of elements from waste NdFeB magnets with a choline chloride: 
lactic acid (1: 2) mixture with varying water content (wt. %).206 
The effective solubilisation of REEs in these studies is due to the acidity of at least one 
component of the solutions.161, 200, 204, 205 An alternative option is to use Cl2 gas which is often 
used as oxidant in leaching processes despite its toxicity and lethality.207, 208 Cl2 gas can be 
safely stored by dissolving into a phosphonium chloride IL (Figure 4.2.4) resulting in 
phosphonium trichloride with no phosphonium cation degradation.209 
 
Figure 4.2.4 – The uptake of Cl2 gas by the IL trihexyl(tetradecyl)phosphonium trichloride.208 
The chlorinated phosphonium IL (Figure 4.2.4) leached Fe, Co, Cu and Sm from powdered 
SmCo magnets, forming the respective metalates of FeCl4–, CoCl42–, CuCl42– and SmCl63–. Due 
to the absence of excess water the Sm metalate was present, although upon water saturation 
of the organic IL phase, full aquation of Sm occured. The elements were sequentially stripped 
from the IL phase using NaCl (3.0 M) (Sm), water (Co), and NH3 (1.0 M) (Cu, Fe) separating 
the metals effectively. While a typical hydrometallurgical process that uses solvent extraction 
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leaching of the metals using an IL removes the extraction stage, arguably streamlining the 
process. 
4.3 Bioleaching of REEs 
Bioleaching is extensively used within the Cu mining industry to recover Cu from low-grade 
ores and is effective due the ability of the bacteria strain Acidithiobacillus ferrooxidans to 
catalyse the oxidation of Fe2+ to Fe3+ (section 1.3).36-38 In contrast, there is currently only one 
production scale REE bioleaching operation globally.197 Despite minimal industrial uptake, 
the bioleaching of REEs has been investigated using bacterial and fungi strains. These have 
included, but not been limited to, Penicillium tricolor and Aspergillus terreus which are fungi 
strains and the bacteria strains Acetobacter sp. and Gluconobacter oxydans.210-215 It can be 
postulated that any fungal or bacterial strain that metabolically produces an organic acid with 
a comparatively low pKa value that can deprotonate and bind to a REE centre should promote 
the leaching of REEs into solution. 
Penicillium tricol is a heterotrophic fungus that leaches REEs from bauxite residue despite the 
hostile environment of bauxite residue as of its low nutrient content, high NaOH content and 
toxicity.210 The production of gluconic, oxalic and citric acid, determined by HPLC, by 
Penicillium tricol lowered the pH from >10.0 to <2.0 while simultaneously reducing the 
environment’s toxicity towards the fungi strain by complexing toxic metal ions. A gradual 
increase in % leached was observed from the lighter (e.g. La and Ce) to heavier (e.g. Gd and 
Dy) REEs, increasing from around 30% (La) to 70% (Lu), which is a comparable trend to the 
leaching of REEs with ILs.204, 205  
 
Figure 4.3.1 – Gluconic acid (left). Oxalic acid (centre left). Citric acid (centre). Succinic acid 
(centre right). Itaconic acid (right). 
The bioleaching of monazite with a solution containing Aspergillus terreus is achieved by the 
production of the diprotic organic acids, succinic and itaconic acid, as metabolic by-products 
of the fungi growth.211 Interestingly, when leaching with a synthetic solution of succinic and 
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itaconic acid at the equivalent pH and H+ concentration the % of REEs leached was much 
lower. The ability of the heterotrophic fungus to provide enhanced REE dissolution over 
fungus absent conditions was not fully understood. It was hypothesised that consumption of 
phosphate anions by the heterotrophic fungus promoted additional REE dissolution as REE-
phosphates are effectively insoluble (<10–11 g/L) in water. 
Heterotrophic fungi, such as Penicillium tricol and Aspergillus terreus, in contrast to 
autotrophic organisms, require an external energy input typically a sugar source (e.g. 
glucose) as heterotrophic fungi cannot generate their own energy.216 Organic acids are 
produced as by-products from the enzymatic breakdown of sugars by amylase enzymes 
within fungi in aerobic processes.213 Gluconic acid is formed from glucose through a two-step 
oxidative process via a lactone intermediate while citric acid is formed through a several step 
oxidative process named ‘the Krebs cycle’. As glucose is essential to the growth of 
heterotrophic organisms, the cost of glucose needs to be considered in bioleaching 
operations. Cost analysis on the leaching of REEs from waste materials suggests that 
operational costs for a heterotrophic fungi leaching process would be lower than a traditional 
inorganic acid process.213 The operational cost is expected to be even lower for autotrophic 
organisms such as Acidithiobacillus ferrooxidans that will be the focus of the research 
discussed in section 4.5. 
4.4 Eudialyte 
The leaching of eudialyte, a zirconosilicate mineral will be investigated in this chapter. 
Eudialyte is a comparatively rare, relatively low-grade ore mineral with significant deposits 
in Greenland, Sweden and Canada.217 Eudialyte contains greater quantities of heavier REEs 
than more abundant REE minerals such as bastnaesite and, when compared against 
monazite, eudialyte contains very little Th or U. For these reasons, and due to the gradual 
depletion of these higher grade-REE deposits, eudialyte is potentially a future economically 
viable REE source. 
The International Mineralogical Association (IMA) currently accepts Na15Ca6Fe3Si26Zr3O73(O, 
OH, H2O)3(Cl, OH)2 as the formula for eudialyte with space within the complex framework 
filled by water molecules and anions (Cl–, F–, OH– and SO42–).217 The crystal lattice typically 
has partial substitution of Fe by Mn and Si by Nb. EXAFS and XANES spectroscopy confirms 
that when present, all REEs, regardless of their radii, preferentially occupy the 6-coordinate 
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Ca sites.217, 218 These Ca sites are of a distorted octahedral geometry with a slight contraction 
of z-axis M-O bonds (2.31 Å) and slight elongation of x- and y-axis M-O bonds (2.37 Å). The 
unit-cell structure of eudialyte is as below (Figure 4.4.1.1): 
 
Figure 4.4.1 – Unit-cell crystal structure of eudialyte (CSD code: ICSD 9503).217-219 Elements 
are coloured as Na (yellow), O (light blue), Ca/REE (magenta), Fe/Mn (dark green), Si/Nb 
(purple), Cl (light green) and Zr (red). 
When Ca2+ ions are substituted by Y3+, a contraction in all the metal–oxygen bonds distances 
is observed, decreasing from 2.31 Å and 2.37 Å to 2.24 Å and 2.30 Å respectively.217 This can 
be attributed to the smaller ionic radius (1.0 Å vs. 0.9 Å) and a greater positive charge density. 
In contrast to eudialyte, where REE are present merely as a result of substitution into the 
regular crystal framework, REEs are integral to the repeating unit of more commonly mined 
monazite (REEPO4) and bastnaesite (REECO3F) which is why these minerals have traditionally 
been more economically viable REE sources. 
Throughout the remainder of this chapter, the bioleaching assisted recovery of REEs from 
eudialyte will be investigated using Acidithiobacillus ferrooxidans. 
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4.5 REE bioleaching studies 
4.5.1 Standard bacteria growth solution preparation 
To H2SO4 (1 L, 2.5 mM), (NH4)2SO4 (0.50 g), MgSO4.7H2O (0.50 g) and KH2PO4 (0.50 g) were 
added.220 The solution was then autoclaved (121 °C, 15 minutes). To H2SO4 (0.25 L, 25 mM), 
FeSO4.7H2O (34.8 g, 0.125 M) was added and the solution then added to the autoclaved 
solution. In a laminar flow cabinet, the resulting FeSO4 (0.1 M) and H2SO4 (6.9 mM) growth 
solution was filter sterilised (0.22 m filter) and then stored in airtight vials (125 mL). This is 
the growth solution which will be referred to throughout this chapter.  
4.5.2 Initial Bacteria growth 
To assess the ability of Acidithiobacillus ferrooxidans (ATs) to promote the solubilisation of 
eudialyte, a series of leaching experiments were undertaken. In triplicate, flasks (with a 
membrane screw cap to allow inward O2) containing ATs and the growth solution (125 mL) 
were allowed to agitate with the pH and oxidation of Fe2+ to Fe3+ measured over time. A 
control flask containing only growth solution was used as a reference.  
An aliquot (5 mL) was acquired every 4 - 12 hours, filter sterilised (0.22 m filter) and the pH 
measured for two weeks. Starting from an initial pH of 2.42, the solution containing ATs 
became more basic in the initial 36 hours, reaching a pH of 2.78 ± 0.02, before becoming 
gradually more acidic, stabilising at a pH of 2.16 ± 0.07 (Figure 4.5.2.1). In contrast, the pH of 
the flask without ATs remained almost unchanged, at a pH of 2.50-2.70 throughout. 
 




Figure 4.5.2.1 – The change in pH for a ATs solution compared against a solution without 
ATs. Interpolation used to aid the eye only. 
The lowering of the pH in the flask containing ATs suggests that the ATs strain is growing and 
catalysing the oxidation process of Fe2+ to Fe3+. Additionally, as the solution pH approaches 
2.0, the environment is more suited towards ATs, promoting further growth and a greater 
catalytic effect. The catalytic benefit of ATs when the pH is above 3.0 is reported to be 
negligible.221 The initial spike in pH can be attributed to early consumption of H+ during the 
ATs catalysed oxidation of Fe2+ according to the equation: 
Eq. 4.4.2.1 –   4 Fe2+ + O2 + 4 H+  4 Fe3+ + 2 H2O (bacteria-catalysed reaction) 
Eq. 4.4.2.2 –   4 Fe3+ + 12 H2O  4 Fe(OH)3 + 12 H+  
Eq. 4.4.2.3 –   4 Fe2+ + O2 + 10 H2O  4 Fe(OH)3 + 8 H+ (overall process) 
Initially H+ is consumed during the bacteria-catalysed 1 e– oxidation of Fe2+ although the 
overall process results in the generation of 2 H+ for each Fe2+ ion oxidised.222 A simplified 

















Figure 4.5.2.2 – A simplified schematic of the Fe2+ oxidation pathway within ATs.222-224 
The metabolic pathway (Figure 4.5.2.2) begins with abstraction of 1 e– from Fe2+ by 
‘cytochrome c Cyc 2’ which is a Fe containing enzyme situated at the periphery of the bacteria 
cell within the ‘outer membrane’.224 The electron is then passed onto ‘rusticyanin’, a blue Cu 
enzyme that is located at the periplasm interface between the outer and inner-membranes 
of the bacteria cell and can generate 3 protons per Fe2+ oxidation.222 From rusticyanin, the 
electron can then be passed onto ‘cytochrome Cyc 1’, another Fe containing protein, before 
passing onto ‘aa3 cytochrome oxidase’, a Cu enzyme, within the inner membrane. This is the 
last enzyme in the electron transport chain. The enzyme, ‘aa3 cytochrome oxidase’, reduces 
O2 present in the cytoplasm of the cell to molecular water, through the transfer of 4 e– per 
O2 molecule and in doing so completes the equation above (Eq. 4.4.2.1).223  
This is a thermodynamically favourable ‘downhill’ redox pathway but an alternative 
thermodynamically unfavourable ‘uphill’ pathway is possible, diverging from the above 
pathway at the rusticyanin enzyme (Figure 4.5.2.2).222 The electrons can instead be passed 
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from rusticyanin to a different Fe containing cytochrome enzyme ‘cytochrome Cyc A1’, then 
onto the coenzyme ‘cytochrome bc1 complex’ eventually reducing the cofactor NAD+ to 
NADH present in the cytoplasm.223, 224 
4.5.3 Time dependant leaching 
As REE-oxides are readily soluble in mildly acidic solutions at room temperature (25 °C), the 
solubilisation of eudialyte and its component REEs should be possible under the conditions 
outlined (section 4.5.2). The set-up described (section 4.5.2) was repeated but now with the 
inclusion of eudialyte (0.50 g) in each flask. A flask without eudialyte was used as a reference. 
The eudialyte material was ground into a fine powder and autoclaved (121 °C, 15 minutes) 
prior to addition.  
The pH of the flask without ATs remained almost unchanged throughout a three week leach 
process (Figure 4.5.3.1), while the flasks containing ATs became more acidic, stabilising at a 
pH of about 2.20 after two weeks, similar to the flasks without eudialyte present. 
Figure 4.5.3.1 – The change in pH for a ATs solution containing eudialyte against time 
compared against a solution with no ATs bacteria and against a solution without eudialyte. 
Interpolation used to aid the eye only. 
The oxidation of Fe2+ to Fe3+ can be studied by calculating the concentration of Fe2+ and Fe3+ 
from photometric measurements using ‘the ferrozine method’.225 This analytical technique 
is based upon the formation of a stable Fe2+-ferrozine (Figure 4.5.3.2) complex that exhibits 



















Figure 4.5.3.2 – Ferrozine is a reagent that can readily complex Fe2+ and form a stable 
magenta complex.225 
The basis of the experiment is that a solution of ferrozine is added to a sample (or to a 
calibration standard) and the absorbance at 562 nm is recorded using a spectrophotometer. 
The resulting solution is then reduced and buffered to approximately pH 7 and the 
absorbance at 562 nm recorded again (chapter 7). If all Fe3+ is assumed to have been reduced 
to Fe2+ during the reduction step then the concentration of Fe3+ and Fe2+ can be determined 
from a constructed calibration curve.225 
A calibration curve of pre-reduction and post-reduction of Fe2+ standards (0.0, 0.5, 1.0, 2.0 
and 5.0 ppm) was constructed (Figure 4.5.3.3) with a linear trend observed up to 2 ppm for 
both pre and post reduction. 
 
Figure 4.5.3.3 – The absorbance of a Fe2+-ferrozine complex at 562 nm at varying Fe 
concentrations pre and post reduction.225 
y = 0.0128x - 0.0015
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At 3 - 4 day intervals, leaching experiment aliquots (5 mL) were obtained, filter sterilised (0.22 
m filter), diluted 1:4000 with HCl (0.01 M) and then analysed using a spectrophotometer. 
The day zero aliquots displayed a comparably high absorbance for all pre- and post-reduction 
samples with values between 0.55 and 0.66 (Figure 4.5.3.4). Beyond day four, the absorbance 
recorded pre-reduction for ATs containing flasks was effectively zero but remained elevated 
at 0.67 in ATs absent flask samples.  
Figure 4.5.3.4 – A comparison of the absorbance values obtained pre- and post-reduction in 
the ferrozine assay as a function of time. Interpolation used to aid the eye only. 
From absorbance values, the concentration of Fe2+ and Fe3+ can be determined through 
manipulation of the equations:  
Eq. 4.4.2.1 –  [Fe2+] = [(0.368AA-0.013AB)/(0.368*0.448)]*(4x103) 
Eq. 4.4.2.2 –  [Fe3+] = [(AB-AA0.8)/0.358]*(4x103) 
Where AA is the recorded absorbance pre-reduction, AB the recorded absorbance post-
reduction and [Fe] is the concentration in the leach flasks. Dilution factors are considered 
throughout. The numbers 0.368 and 0.013 are the line gradients obtained from the 
calibration lines. 
Plotting the concentration of Fe2+ and Fe3+ in the flasks as a function of time (Figure 4.5.3.5) 
indicates that within four days all Fe2+ has been oxidised to Fe3+ when ATs are present. No 
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meanwhile have minimal Fe3+ after three weeks and predominantly consist of Fe2+ and 
strongly suggests that the oxidation of Fe2+ with O2 alone is a relatively slow reaction. 
Figure 4.5.3.5 – The absolute concentration (ppm) of Fe2+ and Fe3+ in the leach flasks as a 
function of time. Interpolation used to aid the eye only. 
The increased rate of Fe2+ oxidation and subsequent lowering of the pH when ATs are present 
increases the rate at which eudialyte is solubilised. The increased rate can be confirmed using 
ICP-OES. As eudialyte is a zirconosilicate mineral, Zr and Si are present in significant quantities 
so determining the aqueous concentration of these elements should accurately indicate 
dissolution rate.226 Analysing the filter sterilised (0.22 m filter) aliquots indicated that over 
time an increasing quantity of Si and Zr were leached when ATs were present, reaching 86 
ppm (Si) and 9 ppm (Zr) within 21 days (Figure 4.5.3.6). Without ATs present, 53 pm (Si) and 
0 ppm (Zr) are leached in the same time period. The dissolution rate of Si and Zr into the ATs 
solution is roughly constant, with the concentrations of Si and Zr in solution increasing by 
approximately 2.0 and 0.6 ppm per day, approximately a 3:1 difference. This does not agree 
with the eudialyte unit cell formula (section 4.4) which contains 26 Si for every 3 Zr, a ratio 
of approximately 9:1. The measured concentration of Si is far lower than what would be 
expected.  
One explanation for the inconsistency in the Si:Zr ratio is that rather than remaining in the 
leachate following being leached, Si ions are being adsorbed onto Fe species that precipitate 
during the leaching process.227 Fe oxide and hydroxide surfaces are known to adsorb Si and 
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reported to occur over a wide aqueous phase pH range but is minimised under low pH 
conditions.228  
Figure 4.5.3.6 – The leaching of Si and Zr from eudialyte into solution as a function of time 
(days). Interpolation used to aid the eye only. 
If the Si content of a solution exceeds 150 ppm (at pH 7) the formation of Si gel can occur 
which is a gelatinous and non-filterable phase.226, 229 Si gel formation can be avoided until 
higher concentrations if the solution is acidic. The formation of a viscous gel is highly 
unfavourable in separation processes and significant research has been invested in how to 
avoid its formation. Inclusion of F– ions into the leach solution prevents the formation of Si 
gel but typical F– sources such as LiF and HF are toxic, dangerous and require highly specialist 
corrosion resistant equipment.230 Alternatively, high temperature leaching with conc. HCl can 
limit Si gel formation but is energy intensive, costly and HCl is far more corroding than 
H2SO4.229 No Si gel formation was observed during the leaching processes described in this 
chapter and can be attributed to the much lower eudialyte:leach solution ratio that is at least 
one order of magnitude lower than literature studies and a sufficiently low pH. 
4.5.4 Comparison against HNO3 and H2SO4 leaching 
Comparing the leaching of REEs and other elements by the mildly acidic ATs solution against 
the leaching HNO3 and H2SO4 (2.0 M) indicates that leaching is much more efficient with HNO3 
or H2SO4 (2.0 M) (Figure 4.5.4.1). This is to be expected though as the H+ concentration is 
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The set-up described earlier (sections 4.5.2 and 4.5.3) was repeated but with the inclusion of 
eudialyte (1.00 g) in each flask (125 mL). HNO3 and H2SO4 (2.0 M) were found to leach around 
10 times more REEs (when comparing the leaching of Y, La, Ce and Nd) than the ATs solution 
(Figure 4.5.4.1).  
While leaching with ATs is inferior to HNO3 or H2SO4, the presence of ATs still makes a 
noticeable difference when compared to their absence. The ATs solution leached several 
times more Y, La, Ce and Nd than the mildly acidic solution alone (Figure 4.5.4.1). This can be 
attributed to the pH difference of approximately 2.20 to 2.60 (section 4.5.2).  
Figure 4.5.4.1 – The leaching of REEs (ppm) into solution using ATs in growth solution, growth 
solution without ATs, HNO3 (2.0 M) or H2SO4 (2.0 M). 
Despite a significant reduction in the leaching of REEs, the proportions of the elements within 
the ATs leach solution remains broadly similar to that of HNO3 (2.0 M) or H2SO4 (2.0 M). The 
REE content of each solution was determined to consist of mainly of Y, La, Ce and Nd at 
approximately 75% by weight (Figure 4.5.4.2) and agrees with previous eudialyte leaching 
studies.231 The remaining 25% consists of REEs that were only detected at very trace 
quantities by the ICP-OES and therefore significant variance in their quantities due to 
instrument limitations is a possibility. 
HNO3 
H2SO4 




Figure 4.5.4.2 – The REE composition by weight % of a H2SO4 solution following leaching of 
eudialyte (left) compared against the equivalent ATs growth solution (right). 
4.5.5 Separation of lighter REEs 
To incorporate the bacteria assisted leaching of REEs using ATs into a REE separation and 
purification process, the ability to extract the lighter REEs (e.g. La, Ce and Nd) from the leach 
solution using the secondary amido-ammonium (2AA) ionic liquid (IL) introduced in chapter 
3 was investigated. 
A ratio representative model eudialyte solution (MES) containing the predominant REEs (Y, 
La, Ce and Nd) in the ATs leach solution was analysed to provide a proof of concept. As the 
ATs leach solution also contained substantial Fe2(SO4)3, the MES reflected this. The MES 
contained Fe2(SO4)3 (0.375 M) resulting in Fe3+ (0.75 M) and SO42– (1.13 M). As discussed 
previously (chapters 2 and 3), ammonium ILs such as 2AA effectively transport REEs from the 
aqueous phase to the organic under high salt conditions.112 Therefore, the MES also 
contained either NaNO3 (7.0 M) or NaNO3/HNO3 (5.0 M/0.1 M). IL0 (chapter 2) was used as 
a comparison for the performance of 2AA. 
Contacting a water immiscible organic phase containing 2AA (0.1 M) with the MES results in 
total extraction (>99%) of La (1 mM) and Ce (2 mM) from a NaNO3 (7.0 M) MES and high 
extraction (>80%) from a NaNO3/HNO3 (5.0 M/0.1 M) MES (Figure 4.5.5.1). Nd (1.5 mM) is 
Y La Ce Pr Nd
Sm Eu Gd Tb Dy
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modestly extracted (35% and 55%) from both solutions, while only trace amounts of the 
more Lewis acidic REE Y (2.5 mM) were extracted (2%). Meanwhile, IL0 modestly extracts 
(<40%) La and Ce and a small amount of Nd (10%) from both solutions. 
 
Figure 4.5.5.1 – The extraction of REEs (1 – 2.5 mM) using IL0 or 2AA (0.1 M) in toluene from 
an aqueous ratio representative model eudialyte solution (MES). 
Interestingly, earlier experimental data for the extraction of REEs from mixed solutions 
(section 3.5.5) with IL0 shows good extraction of lighter REEs. This suggests that the presence 
of Fe2(SO4)3 in the MES supresses REE extraction despite competitive extraction of Fe not 
occurring. The extraction of the lighter REEs using 2AA, despite the Fe concentration in the 
MES being almost 103 times that of REE indicates a remarkable degree of selectivity given 
that REEs and Fe are both present in solution as 3+ cations. 
The extraction of REEs from the eudialyte leach solution was investigated. Due to the low 
concentrations in the ATs leach solution (section 4.5.4), following leaching of eudialyte (1.0 
g) into the ATs leach solution (125 mL), the filter sterilised (gravity filtered, 0.45 m syringe 
filtered and then 0.22 m syringe filtered) mixture was concentrated under vacuum by a 
factor of five. The mixture was then adjusted to contain NaNO3/HNO3 (5.0 M/0.1 M) at a pH 
of 1.40. The resulting eudialyte concentrate was then contacted with IL0 or 2AA (0.1 M) in 
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While 2AA did not extract REEs heavier than Gd but some extraction of these heavier REEs 
was observed with IL0.  
Figure 4.5.5.2 – The extraction of REEs (<0.1 mM) using IL0 or 2AA (0.1 M) in toluene from 
leached eudialyte. Interpolation used to aid the eye only. 
It should be stressed though that with La, Ce, Nd and Y comprising >75% of the REE content 
in eudialyte leachate, the concentration of the remaining REEs was very low (<1 ppm) 
resulting in difficulties in accurately measuring their concentration by ICP-OES. Regardless, 
this experimental data consolidates the previously observed effective separation of lighter 
REEs from heavier REEs with a solution of 2AA from synthetic REE solutions. 
4.6 Conclusions 
Acidithiobacillus ferrooxidans (ATs) effectively low the pH and increase the acidity of leach 
solutions by catalysing the oxidation of Fe2+.36, 37 This allows for a solution containing ATs to 
leach eudialyte, a REE containing zirconosilicate mineral, more effectively than a solution 
without ATs.  
While the leaching with ATs is significantly less effective in terms of speed and efficiency than 
a highly acidic HNO3 or H2SO4 solution, some advantages are present. The ATs solution is safer 
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traits are all advantageous and result in the proof of concept of a potentially environmentally 
friendlier eudialyte leaching process. 
2AA preferentially extacts the lighter REEs over the heavier REEs in the eudialyte leach 
solution, corroborating the results observed with synthetic solutions (Chapter 3). 
Additionally, while the Fe concentration is approximately 103 times that if the REEs, no 
extraction of Fe is observed and 2AA remains highly selective for the lighter REEs. 
While the percentage of REEs leached from the eudialyte mineral using ATs is low, this could 
be significantly improved if the leach process proceeded for months, rather than only days 
or weeks, given that the concentration of Si and Zr in solution continually increased over time 
(section 4.5.3). As the Zr concentrations within the final leach solutions studied in this chapter 
are significant, the development and implementation of a process that separates and purifies 
Zr would bolster the materials balance and add value. Furthermore, the integration of a Fe 
extraction or a one electron Fe reduction step into the REE recovery and separation process 
could improve the atom economic credentials of the process.














Chapter 5: A brief exploration of amido-ammonium IL modifications for REE extraction 
140 
 
5 A brief exploration of amido-ammonium IL 
modifications for REE extraction 
5.1 Introduction 
5.1.1 Overview 
The secondary amido-ammonium IL 2AA introduced in Chapter 3 is a more effective IL for 
separating lighter REEs from heavier REEs than its non-functionalised analogue IL0. This has 
been attributed to the increased number of hydrogen-bonding interactions that 2AA 
promotes that provide a molecular scaffold for lipophilic alkyl chains that sufficiently 
encapsulate lighter REEs over the heavier REEs. This chapter investigates if modest 
adaptations of 2AA are possible and whether these variations can further improve selectivity. 
5.1.2 Modified Diglycolamides 
Diglycolamides such as TODGA (introduced in Chapters 2 and 3), readily extract REEs under 
appropriate conditions although 3rd phases tend to form at elevated concentrations.52, 150, 151 
The tridentate binding mode of diglycolamides to REEs through the two amide groups and 
the ether oxygen is evidently favourable.128, 157 Therefore, previous studies have investigated 
how modifications to the diglycolamide structural motif can reduce 3rd phase formation while 
maintaining strong REE coordination. These modifications can include the combination of 
multiple diglycolamide structural motifs into one molecule (Figure 5.1.2.1). While this results 
in molecules with particularly high m/z ratios (>500) for the free ligand, the % extraction of 
REEs when using these ligands is often very high with in excess of 99% of the target REE 
extracted in some cases.  
A ligand (0.1 M) (Figure 5.1.2.1) comprising two diglcyolamides substituted onto a benzene 
ring meta to one another extracted 99% of Eu from HNO3 (3.0 M).232, 233 The ligand to Eu ratio 
was determined to be 2:1 by slope analysis and suggested that assemblies of the formula 
Eu(L)2.(NO3)3, where one coordinated L is orthogonal to the other, may reside in the organic 
phase following Eu transport. In the IR spectrum, a C=O stretch at 1651 cm-1 shifted to 1615 
cm-1 following Eu transport indicated coordination of the amide groups to Eu.233 




Figure 5.1.2.1 – A bis(diglycolamide) (left) and the potential coordination of two 
bis(diglycolamide) ligands to Eu where one bis(diglycolamide) ligand is orthogonal to the 
other (right).232 For clarity, the alkyl chains are shortened. 
 
Figure 5.1.2.2 – A tripodal diglycolamide used for Eu extraction.234  
Compounds comprising three diglycolamide substituents (Figure 5.1.2.2) follow a Eu 
extraction profile similar to that of bis(diglycolamide) analogues with Eu being successfully 
(>99%) extracted from 3.0 M HNO3 but only very poorly recovered (<10%) from low HNO3 
(<1.0 M) concentrations.234 Eu(L).(NO3)3 complexes were reported to be present in the 
organic phase following transport and suggest a nine coordinate Eu metal is encapsulated by 
the lipophilic ligand and agrees with earlier experimental and computational work on mono-
Chapter 5: A brief exploration of amido-ammonium IL modifications for REE extraction 
142 
 
diglycolamide systems (e.g. TODGA – Chapter 3) at low ligand and metal concentrations.52, 
149, 152 
A ligand comprising eight diglycolamides functionalities was reported to complex to four Eu 
or Am ions when diluted in an imidazolium IL, achieving over 99% Eu extraction from HNO3 
(3.0 M).235 Interestingly, dilution of the ligand into a non-polar solvent instead of an 
imidazolium IL, results in a M:L ratio of only 1:1 rather than 4:1.236 DFT calculations (Figure 
5.1.2.3) confirmed that four Am ions were coordinated to the ligand, with Am ions well 
separated by encapsulation within unique binding pockets formed by two diglycolamides 
with an average carbonyl oxygen to Am bond distance of 2.36 Å. Three nitrate anions were 
nearby the Am ions and increased the total Am coordination number to nine, through 
monodentate binding. 
Figure 5.1.2.3 – The DFT optimised structure of an Am4(NO3)12L complex where the ligand L 
contains eight diglycolamide functionalities.235 Elements are coloured as C (brown), N (blue), 
O (red) and Am (dark blue). The octyl substituents were shortened to methyl due to 
computational limitations. 
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Other modifications have included the tethering of diglycolamide functional groups to 
calix[4]arene macrocycles.237-239 Even at low concentrations these macrocyclic structures 
comprising between four to eight diglycolamide functional groups have been found to readily 
extract Eu (>99%) from HNO3 (3.0 M) solutions. The ability of these ligands to readily 
transport Eu into the organic phase can be attributed to the diglycolamide functional groups 
being pre-orientated by the calix[4]arene molecular scaffolds. In contrast, multiple mono-
diglycolamide extractants such as TODGA must self-assemble during REE extraction. 
While these diglycolamide modifications result in very effective REE extraction, the synthesis 
of these compounds is difficult and highly time-consuming meaning they are unlikely to be 
exploited industrially. Additionally, as the structures are so large, the molecular weight of the 
ligands relative to the REE is comparatively poor, even if a 1:1 REE to ligand ratio is achievable. 
Less extensive modifications to diglycolamides such as the replacement of the ether group 
with an amine group can still result in highly stable REE complexes (Figure 5.1.2.4).240 
 
Figure 5.1.2.4 – Diglycolamide (left), a 2° amine-functionalised variation (centre) and a 3° 
amine-functionalised variation (right).240 
The amine group allows for greater chemical and structural tuning of the electron density 
compared to an ether group and can result in greater REE binding ability or improved 
selectivity. The REE binding ability of an amine-functionalised ligand (Figure 5.1.2.4) can be 
increased by alkylating a 2° amine as the mild electron donating ability of alkyl substituents 
towards the nitrogen atom would increase its basicity.240 This is supported by 
thermodynamic binding studies of Nd that show that amine-functionalised ligands form more 
stable Nd complexes than ether-functionalised analogues.240, 241 Potentiometry, 
spectrophotometry, and calorimetry measurements determined that the ΔH values for the 
formation of Nd(L)33+ complexes (where L is either a diglycolamide or amino-variant) (Eq. 
5.1.3.1) were −19.3 ± 2.2 kJ mol−1 (ether), −39.4 ± 1.5 kJ mol−1 (2° amine) and −34.3 ± 1.5 kJ 
mol−1 (3° amine) (Figure 5.1.2.4).  
Eq. 5.1.3.1 –    Nd3+ + 3 L = NdL33+ 
Eq. 5.1.3.2 –    H+ + L = HL+ 
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The non-alkylated 2° amine was calculated to interact the most favourably with Nd3+ but also 
the most favourably with H+ (Eq. 5.1.3.2). A ΔH value of −37.2 ± 2.1 kJ mol−1 for the 2° amine 
in the formation of HL+ was reported compared with −10.9 ± 0.9 kJ mol−1 for the ether and 
−33.5 ± 0.6 kJ mol−1 for the 3° amine. 
5.1.3 IL modifications 
Work presented earlier (Chapter 3) highlights that 2AA extracts REEs more readily than IL0 
due to a more significant hydrogen-bonding network and that the amide functional group is 
a major component of this network. The modification of the amido-ammonium ILs 2AA and 
3AA to contain additional amide groups should result in a greater number of potential 
hydrogen-bonding sites and a more complex hydrogen-bonding network. In turn, this should 
improve REE extraction. Synthesising diamido-ammonium ILs, similar structurally to the 
diamide-amines above (Figure 5.1.2.4) that strongly complex Nd, should be synthetically 
straightforward and will therefore be investigated later in this chapter.240 
Synthesis of an amido-ammonium compound that replicates an effective structural motif 
used during Pt recovery should also be comparatively simple synthetically.24, 49 Incorporation 
of an additional CH2 linker between the ammonium and the amide functional groups (Figure 
5.1.3.2) should increase the flexibility of the IL cations and alter the electron density on both 
the amide group and the ammonium nitrogen. An amino-amide version of this structural 
motif has resulted in highly effective proton chelation for Pt as a chloridometalate from HCl 
solutions (sections 1.5 and 2.2). While the methylation of the 3° amine removes the ability 
to chelate protons (or hypothetically the ability to chelate REE cations), the increased 
distance between the ammonium and amide groups may improve REE extraction due to the 
reduced degree of influence one group has over the other. 
 
Figure 5.1.3.2 – The 2AA or 3AA cation (left) and the incorporation of an additional CH2 linker 
(right)  
Both modifications above will be explored for REE extraction as even relatively minor 
structural changes can cause large variations in complex stability.240 Other structural changes 
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that could be considered include the replacement of amide functional groups with thioamide 
groups resulting in thioamido-ammonium ILs or sulfonium ILs rather than ammonium ILs 
(Figure 5.1.3.3).  
 
Figure 5.1.3.3 – Potential 2AA and 3AA modifications: a thioamido-ammonium IL (left) and 
an amido-sulfonium IL (right). 
The replacement of N and O atoms that are highly electronegative and electron dense with 
S atoms that are less electronegative and more electron diffuse could drastically alter how 
the IL extracts REEs from aqueous solutions. This will not be explored though as earlier work 
(sections 3.6 and 3.7) with IL0 and 2AA suggests that strong hydrogen-bonding interactions 
are pivotal to the formation of stable organic-phase assemblies. It can be expected that the 
lower electronegativity of S would result in weaker hydrogen-bonding interactions, a less 
favourable assembly and poorer REE extraction. Furthermore, the inclusion of S atoms would 
signal a deviation away from CHON only compounds.  
5.2 Diamido-ammonium ILs 
5.2.1 Synthesis of diamido-ammonium (AdiA) ILs  
Secondary (2°) and tertiary (3°) amido-ammonium ILs were synthesised using an adaptation 
of the preparative method for the amido-ammonium ILs 2AA and 3AA (Scheme 5.2.1). 
Previously prepared 2-chloroacetamides were reacted with 0.5 equivalents of octylamine to 
yield amido-amine intermediates, with HCl liberated.240 The resulting amido-amine 
intermediates were then methylated using methyliodide as described prior for IL0 (section 
2.5), to yield 2° and 3° amido-ammonium compounds, herein referred to as 2AdiA and 
3AdiA.124, 134 




Scheme 5.2.1 – The synthesis of diamido-ammonium ILs 2AdiA and 3AdiA starting from 2-
chloroacetyl chloride.124, 134, 240 
5.2.2 REE extraction and separation studies 
To assess the performance of 2AdiA and 3AdiA in relation to IL0 and their monoamide 
variants (2AA and 3AA), REE extraction tests were undertaken. Initially, organic solutions of 
2AdiA and 3AdiA (0.1 M) were contacted with a series of aqueous phases containing La (0.01 
M). The different compositions of the aqueous phases were: NaNO3 (7.0 M); HNO3/NaNO3 
(0.1 M/5.0 M); HNO3 (2.0 M). 
Figure 5.2.2.1 – Initial tests for the extraction of La (0.01 M) using 2AdiA and 3AdiA (0.1 M) 
in toluene from NaNO3 (7.0 M), NaNO3/HNO3 (5.0 M/0.1 M) and HNO3 (2.0 M), compared 
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From NaNO3 (7.0 M), 2AdiA and 3AdiA extract 65% and 60% of La (0.01 M) respectively and 
although this is a noticeable decrease when compared with 2AA (83%) and 3AA (72%) (Figure 
5.2.2.1). From HNO3/NaNO3 (0.1 M/5.0 M) solutions 2AdiA extracts around 15% less La than 
2AA, while 3AdiA extracts slightly (10%) more La than 3AA. The ILs 2AdiA and 3AdiA only 
extract minor quantities (<10%) of La from HNO3 (2.0 M) solutions indicating that diamido-
ammonium ILs remain susceptible to the issue of competitive H+/La3+ transport and that the 
‘salting-out’ effect remains vital to REE extraction.107, 118 
The effect of acid hindering La extraction is further supported by contacting 2AdiA (0.1 M) in 
toluene with a NaNO3 (5.0 M) and a La (0.01 M) aqueous phase containing varying HNO3 
concentration (0.01 - 2.0 M). 2AdiA extracts La less readily than 2AA at all HNO3 
concentrations, achieving on average 43% La extraction at 0.01 M HNO3 (vs. 70% extraction 
with 2AA) and 19% La extraction at 2.00 M HNO3 (vs. 21 % extraction with 2AA) (Figure 
5.2.2.2). This indicates that the diamide-ammonium IL analogues are poorer reagents overall 
than the monoamido-ammonium analogues for La extraction. Speculatively, the ability of 
2AdiA to transport La into the organic phase may be limited as its lipophilicity is insufficient.  
Figure 5.2.2.2 – The extraction of La (0.01 M) using 2AdiA or 2AA (0.1 M) in toluene from a 
NaNO3/HNO3 (5.0 M/0.01 – 2.00 M) aqueous solution. Interpolation used to aid the eye only. 
To investigate if 2AdiA and 3AdiA can separate REEs, a solution of 2AdiA and 3AdiA (0.1 M) 
in toluene was contacted with an aqueous phase containing nine REEs (La – Dy) (0.01 M) and 
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2AdiA and 3AdiA with REE extraction decreasing from 43% and 45% of La to below 10% from 
(Sm, Eu, Gd, Tb and Dy) (Figure 5.2.2.3) and is comparable to the trend previously observed 
with IL0 (Figure 3.5.5.1). While minimal extraction of heavier REEs by 2AdiA and 3AdiA from 
the mixed metal solution is observed, it is more than attained with 2AA. Additionally, the 
extraction of the lighter REEs is lower with 2AdiA and 3AdiA than with 2AA. These two factors 
result in 2AdiA and 3AdiA being poorer reagents overall for light REE extraction and 
separation than 2AA. 
Figure 5.2.2.3 – The extraction of REEs (0.01 M) using 2AdiA, 3AdiA, 2AA, 3AA or IL0 (0.10 
M) in toluene from a mixed REE NaNO3 (7.0 M) aqueous solution. Interpolation used to aid 
the eye only. 
5.3 Extended amido-ammonium ILs 
5.3.1 Synthesis of extended amido-ammonium (ACH2A) ILs  
The synthesis of 2° and 3° amido-ammonium ILs (herein referred to as 2ACH2A and 3ACH2A) 
whereby the ammonium and amide functional groups are separated by two CH2 linkers 
rather than one CH2 linker (e.g. 1AA, 2AA and 3AA) is more challenging. Initially an adaptation 
of the synthesis of 2AA and 3AA starting from 3-chloropropionyl chloride (Scheme 5.3.1.1) 
was attempted. While the syntheses of the 3-chloro acetamides were straightforward, the 
subsequent reaction with dioctylamine under the conditions previously used (section 3.4) did 
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were dehydrated acrylamides, as of a base-catalysed elimination reaction (presumably E2) in 
which a proton is abstracted, a C=C bond formed and a Cl– lost. 
Scheme 5.3.1.1 – The synthesis of the 2ACH2A and 3ACH2A amido-amine intermediates 
starting from 3-chloropropionyl chloride. 
This elimination reaction did not occur with 2-chloroacetamides due to the absence of a -
proton. The formation of acrylamides was identified in the 1H NMR spectra with three distinct 
peaks at 5.65, 6.10, and 6.30 ppm corresponding to allylic protons in the crude reaction 
mixture (Figure 5.3.1.1), in agreement with previously reported NMR data.242 The crude 
mixture also contained unreacted dioctylamine and the amido-amine target product. 
Dioctylamine and the acrylamide were removable from the crude reaction mixture through 
sustained heating under vacuum. While this is a valid route towards amido-amine isolation, 
the overall synthetic route is highly inefficient as it is only a minor product in reaction so 
alternative synthetic routes were investigated.  
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Figure 5.3.1.1 – The crude reaction mixture 1H NMR of the synthesis of the 2ACH2A amido-
amine intermediate. Distinctive acrylamide (green), amido-amine (red) and dioctylamine 
(blue) peaks are highlighted. 
An alternative route towards 2ACH2A starting with the reaction of methyl acrylate with 
dioctylamine affords the amino-ester in 100% yield (Scheme 5.3.1.2).49 Subsequent reaction 
of the amino-ester with propylamine resulted in synthesis of the target amido-amine 
intermediate in 75% yield.243, 244 The amido-amine intermediate was then methylated using 
methyliodide to give 2ACH2A in 88% yield.124, 134 
 
Scheme 5.3.1.2 – The synthesis of the 2CH2A amido-amine intermediate starting from methyl 
acrylate.49, 243, 244 
Synthesis of the 3° analogue 3CH2A using this synthetic route was unsuccessful. Instead, 
acryloyl chloride was reacted with dipropylamine to cleanly yield the acrylamide (Scheme 
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yield (25 %), the target amido-amine compound.49 The amido-amine intermediate was then 
methylated using methyliodide to yield 3ACH2A.124, 134 
 
Scheme 5.3.1.3 – The synthesis of the 3ACH2A amido-amine intermediate starting from 
acryloyl chloride.49 
5.3.2 REE extraction and separation studies 
To assess the performance of 2ACH2A and 3ACH2A in relation to IL0 and their single CH2 linker 
analogues (2AA and 3AA), REE solvent extraction experiments were undertaken. Initially, 
organic solutions of 2ACH2A and 3ACH2A (0.1 M) were contacted with a series of aqueous 
phases containing La (0.01 M). The different compositions of the aqueous phases were: 
NaNO3 (7.0 M); HNO3/NaNO3 (0.1 M/5.0 M); HNO3 (2.0 M). 
Figure 5.3.2.1 – Initial tests for the extraction of La (0.01 M) using 2ACH2A and 3ACH2A (0.1 
M) in toluene from water, NaNO3 (7.0 M), NaNO3/HNO3 (5.0 M/0.1 M) and HNO3 (2.0 M), 
compared against IL0, 2AA and 3AA (section 3.5.1). 
The modified ILs 2ACH2A and 3ACH2A (0.1 M) effectively extract La from a NaNO3 (7.0 M) 
aqueous solution achieving 82% and 90% respectively but when the NaNO3 concentration is 
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62% and 72 % (Figure 5.2.2.1). While 2ACH2A and 2AA exhibit essentially the same 
performance (62%), 3ACH2A interestingly extracts about twice as much La as 3AA (72% vs. 
36%). As expected La extraction from HNO3 (2.0 M) with 2ACH2A or 3ACH2A was minimal 
(<10%). 
The ability of 2CH2A to extract La from mildly (0.01 – 2.00 M) acidic HNO3 solutions was 
examined. Broadly speaking, the extraction of La with 2CH2A (0.1 M) in toluene from a NaNO3 
(5.0 M) and La (0.01 M) containing aqueous phase of varying HNO3 concentration (0.01 - 2.0 
M) is comparable. 2AdiA and 2AA both extraction >60% of La at low HNO3 concentrations 
(<0.1 M) but extract less than 20% of La at 2.00 M HNO3 (Figure 5.3.2.2). 
Figure 5.3.2.2 – The extraction of La (0.01 M) using 2ACH2A or 2AA (0.1 M) in toluene from a 
NaNO3/HNO3 (5.0 M/0.01 – 2.00 M) aqueous solution. Interpolation used to aid the eye only. 
5.4 Conclusions 
This brief exploration into amido-ammonium IL modifications does not appear to have 
resulted in ILs that substantially exceed the ability of 2AA to extract light REEs (e.g. La). 
However, 3CH2A in initial tests does appear to show a slight performance improvement (5-
10 %) over 2AA and may warrant further investigation. 
The additional amide functional group in 2AdiA and 3AdiA may cause a minor increase in the 
stability of assemblies that form in the organic phase following REE extraction but this may 
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3.7) for both IL0 and 2AA has suggested that effective encapsulation of REE-metalates by 
comparatively lipophilic alkyl chains is evident contributes to strong light REE extraction.134 
The broad similarities between 2AA and 2ACH2A for La extraction suggests that the 
assemblies formed in the organic phase are similar but structural characterisation is required 
to confirm this.  
Despite the ILs studied not exceeding the ability of 2AA to selectively extract lighter REEs, a 
valuable insight into understanding why 2AA is an effective and selective extractant for 
lighter REEs has been gained and provides directionality for future structural modifications. 
Additionally, 2AdiA, 3AdiA, 2ACH2A and 3ACH2A are similar structurally to reagents that are 
effective during PGM recovery and so an exploration into PGM recovery may be of future 
interest.23, 24, 245
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6 Conclusions and future work 
The aim of this thesis, to develop and understand practices and reagents that can be more 
environmentally friendly and selective for rare earth element (REE) recovery, has been 
achieved. A new comparatively simple amido-ammonium ionic liquid (IL) 2AA has been 
developed and is highly selective for the extraction of lighter REEs from aqueous leach 
solutions and those obtained from the bioleaching of REEs. 
Chapter 2 focussed on increasing the chemical understanding of how an alkylammonium IL 
(IL0) rapidly (<1 minute) transports REEs from aqueous nitrate solutions of low acid (HNO3) 
and high salt (NaNO3) into an immiscible organic phase. Multiple analytical, spectroscopic 
and computational techniques strongly suggest that IL0 extracts REEs through a 
microhydration mechanism pathway, resulting in partially hydrated REE-nitratometalates 
residing in the organic phase that are encapsulated and stabilised by multiple lipophilic IL0 
cations. The microhydration mechanism pathway avoids the comparatively high energetic 
cost associated of full REE dehydration and also allows for charge mediating water molecules 
to stabilise the assembly in the organic phase.85, 86, 88 Similarly, in other work, microhydration 
has been reported to prevent the fragmentation of uracil and thymine by ionizing radiation 
and to stabilise aromatic amide cations through the formation of a hydrogen-bonding 
network.246, 247 
Chapter 3 revealed that a 2° amido-ammonium IL (2AA) is a stronger, more selective 
extractant for the lighter REEs (e.g. Ce or Nd) than IL0 and means 2AA can effectively separate 
the lighter REEs from aqueous solutions containing heavier REEs (e.g. Tb or Dy). With 2AA, 
the separation factors between Ce/Tb (2670 ± 1340) and Nd/Dy (162 ± 2), two common REE 
pairs in electronic waste, comfortably exceed those reported for organophosphorus reagents 
and for IL0 (25.9 ± 0.4 and 9.46 ± 0.17).67, 139 2AA, similar to IL0, extracts REEs through a 
microhydration pathway but a more extensive hydrogen-bonding network of amides, nitrate 
anions and water molecules enhances the stability of the formed organic phase 
assemblies.188, 189 DFT calculations confirmed that the formation of a 2AA-La assembly in the 
organic was more favourable than an IL0-La assembly. While the computational and 
experimental work agreed in this instance, further work is required to understand the 
differences in Nd and Dy extraction. Experimentally, Nd and Dy are less readily extracted than 
La but computationally they are calculated to form more stable assemblies with IL0 and 2AA. 
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A number of low energy structures were identified and the discrepancy may be arising as of 
this. Further investigation is required and EXAFS measurements that can probe the inner-
coordination sphere of REEs are expected to be of great benefit, having previously been vital 
for understanding other systems.52, 109, 155 Nevertheless, 2AA conveniently provides effective 
separation of the lighter REEs from the heavier REEs and the mechanistic pathway of REE 
extraction is broadly understood. 
Chapter 4 investigated the bioleaching of REEs from eudialyte, a zirconate REE mineral, with 
an Acidithiobacillus ferrooxidans (ATs) cell culture. It was found that the ATs could reduce 
the pH of the leach solution by approximately half a pH unit by catalysing the oxidation of 
Fe2+ resulting in greater quantities of REEs being leached. Despite the percentage of REEs 
leached using these mild conditions being significantly lower than with traditional, highly 
acidic conditions, the lighter REEs could be readily extracted from the ATs containing leach 
solution using 2AA with no pH adjustment being required. Following the stripping of REEs 
with only water, 2AA was regenerated. This work highlights a potentially more 
environmentally friendlier REE purification process that uses milder leaching conditions 
although further work is required to investigate whether the process is feasible on larger 
scales. 
Chapter 5 briefly explores modifications to 2AA. While initial screening of modifications did 
not indicate any substantial improvements, the results do help to solidify the effectiveness 
of the amido-ammonium structure for light REE extraction. Many further modifications are 
possible, including increasing the lipohilicity on diamido-ammonium ILs, the replacement of 
amide functional groups with thioamide functional groups or the replacement of the nitrate 
counter anion.
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7 Experimental and computational methods 
7.1 Outline 
This chapter outlines general procedures, treatment of data, sources of error, specific 
experimental details and computational parameters, methods and conditions. 
7.2 Solvent extraction procedure 
All solvent extractions were carried out in glass screw-top vials and mixed with magnetic 
stirrer bars on a stirrer plate (1000 rpm, 1 hour, RT unless otherwise stated). The solvent 
extractions consisted of an aqueous phase and an aqueous immiscible organic phase (usually 
toluene). Toluene was usually the solvent of choice as of its ease of use, comparability to 
typical industrial solvents and allowed for comparison to previous work at the University of 
Edinburgh in this field. Generally the ligand (or extractant) concentration in the organic phase 
was 0.1 M, the REE concentration in the aqueous phase was 0.01 M and the predominant 
anion in the aqueous phase was NO3−. Variations from the standard experimental set-up are 
explicitly highlighted where required. After stirring, the phases were allowed to disengage 
and the two phases were then physically separated (Figure 7.2.1). 
 
Figure 7.2.1 – The general method of a solvent extraction experiment. 
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The basic equations used to calculate percentage metal extracted and stripped are given: 
 
Eq. 7.2.1 –  %extraction = ([M conc. org]/[M conc. aq.])*100  
 
Eq. 7.2.2 –  %stripped = ([M conc. aq.])]/[M conc. org])*100  
 
Separation factors (how preferentially one metal is extracted over another) are calculated by 
comparing the concentration of metal ‘a’ and metal ‘b’ in each phase according to the 
following equation: 
 
Eq. 7.2.3 – ([M(b) conc. org]/[M(b) conc. aq.])/([M(a) conc. org]/[M(a) conc. aq.]) 
7.3 Sources of error 
There are many sources of error associated with solvent extraction experiments. While some 
instrument and equipment errors can be determined (summarised in table 7.3.1), others are 
more difficult to quantify.  
Table 7.3.1 – Quantifiable sources of error  
Instrument/equipment Associated error  
Mass balance  ± 0.05 mg 
Manual pipettes#  
Gilson 0.1 mL ± 0.5 L 
Gilson 1 mL ± 6 L 
Gilson 5 mL ± 27 L 
Electronic Eppendorf Multipette E3x positive-
displacement pipette# 
± 0.95 L (dispensing 500 L) 
± 0.38 L (dispensing 2500 L) 
± 0.23 L (dispensing 5000 L) 
Volumetric Flasks  
5 mL, 10 mL ± 0.025 mL 
25 mL ± 0.040 mL 
100 mL ± 0.080 mL 
ICP-OES calibration line R2 > 0.995 
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ICP-OES sample data 
σ = √(∑(x‒μ)2)/n 
σ = standard deviation 
x = value of sample 
μ = mean of samples 
n = number of samples 
# Maximum uncertainty documented on 2019 calibration reports. 
Uncertainties that are difficult to quantify that can result in artificially higher or lower metal 
concentrations include the rate of evaporation of solvents during experiment and ICP-OES 
(section 7.4.2) sample preparation, the entrainment of one phase into another and human 
error. To minimise these uncertainties, samples and experiments were prepared in the same 
manner each time and in a limited timeframe. Furthermore, most solvent extraction 
experiments were carried out in duplicate or triplicate with errors between independent but 
comparable samples being within ± 5%. Where experiments have been replicated error bars 
are present on the respective graphs. Where solvent extraction experiments have not been 
replicated a blanket ± 5% relative error can be assumed for extraction values.  
 
7.4 Chemicals and Instrumentation  
7.4.1 Solvents and reagents 
All solvents and reagents were used as received from Sigma-Aldrich, Fisher Scientific UK, Alfa 
Aesar, Acros Organics, VWR International or Merck Millipore. Deionised water was obtained 
from a Milli-Q purification system. Column chromatography was carried out with 60 Å 
particle size 35-70 micron silica gel. The Acidithiobacillus ferrooxidans strain NCIMB 10435 
was obtained from NCIMB. A eudialyte ore sample from the Ilimaussaq Complex in Greenland 
was manually crushed using a Jaw Crusher.248 
7.4.2 Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) 
Inductively-coupled plasma optical emission spectroscopy (ICP-OES) is a spectroscopic 
technique used for elemental analysis. Liquid samples are introduced into a spray chamber 
by a peristaltic pump. The sample is then ionised by injection into argon plasma by a 
nebuliser. The plasma excites the electrons of the ions present to a higher atomic energy 
level. As the electrons decay back to the ground state, energy is emitted as photons of light. 
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The wavelength of this light is dependent on the electronic transition and is characteristic to 
the ion in question. These photons hit a detector where the number of ‘counts per second’ 
of a given wavelength is counted. With the ‘counts per second’ being proportional to the ion 
present, the concentration of an unknown sample can be determined by comparison to 
standards of known concentrations. A simplified representation of an ICP-OES is given (Figure 
7.4.2.1).249 This technique can be used to measure the metal concentration in both the 
aqueous and organic phases. 
 
Figure 7.4.2.1 – A schematic representation of an ICP-OES.249 
 
Samples were prepared for ICP-OES analysis by dilution of at least 1:10 in 1-methoxy-2-
propanol or nitric acid (2% w/w, 0.45 M). Samples <25 ppm (mg/L) diluted in 1-methoxy-2-
propanol were analysed using the ‘organic’ instrument conditions and set-up (table 7.4.2.1). 
Aqueous samples <100 ppm (mg/L) diluted in nitric acid (2% w/w, 0.45 M were analysed 
using the ‘aqueous’ instrument conditions and set-up (table 7.4.2.1). ICP-OES analysis was 
carried out on a Perkin Elmer Optima 8300 Inductively Coupled Plasma Optical 
Emission spectrometer. ICP-OES calibration standards were obtained from VWR 
International or Sigma-Aldrich and standards of appropriate concentrations were prepared 
by dilution. Y (10 ppm) (or Rh (10 ppm) where Y was a sample), was used as an internal 
standard with samples measured in triplicate. Unless explicitly stated otherwise, both 
aqueous and organic samples following solvent extraction experiments were diluted using 1-
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Table 7.4.2.1 – ICP-OES conditions and set-up 
Parameters (units) ‘Organic’ ‘Aqueous’ 
Spray chamber Glass cyclonic Scotts 
Nebuliser Gem Tip cross-flow Gem Tip cross-flow 
Radio frequency power (W) 1500 1500 
Peristaltic Pump rate 
(mL min-1) 
1.00 1.30 
Argon gas flow rates (L min-1)  
Plasma 17 10 
Auxiliary 1.0 0.2 
Nebuliser 0.5 0.6 
 
7.4.3 Karl-Fischer water content measurements 
Karl-Fischer (KF) coulometric titrations were used to quantify the amount of water that was 
transported into the organic phase. Karl-Fischer (KF) coulometric titrations work on the basis 
of the electrochemical reaction of water with iodide and sulfur dioxide (equation 7.4.3.1). 
 
Eq. 7.4.3.1 –   I2 + SO2 + 2 H2O ⇌ 2 HI + H2SO4 
 
The iodine is generated electrochemically from iodide at an anode during the titration from 
a reagent present in the titration cell. The electrons liberated in this process react with H+ at 
the cathode to form hydrogen gas. A platinum electrode monitors the potential of the 
solution by voltammetry allowing the endpoint to be determined. The amount of electrical 
current required to generate iodine is measured, calculated on 96485 C per mole of 
electrons and that two moles of electrons are involved in the oxidation of two moles of iodide 
to one mole of iodine. In doing so, the amount of water is therefore also determined.  
 
Coulometric KF titrations were carried out using a C30S diaphragmless titrator, using a DM 
143-SC electrode with HYDRANAL Coulomat AD as the titration reagent. A known mass of 
sample was injected into the titration vessel and the titrators gave the total mass of water 
contained within the sample.  
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7.4.4 pH measurements  
Using a Mettler Toledo Excellence Titrator T5, pH measurements were carried with a DGi115-
SC probe calibrated using aqueous buffers of pH 2.00, 4.01, 7.00 and 9.31 supplied by Mettler 
Toledo.  
7.4.5 Ion-chromatography 
Ion chromatography (IC) measurements were used to quantify the amount of nitrate that 
was transported into the organic phase (Figure 7.4.5.1). IC is a process that separates ions 
based on their affinity to an ion exchange resin within a pressurized column. As an eluent is 
passed through the column, different anions will remain retained upon the exchange resin 
for different lengths of time depending on their charge, radius and polarizability. At the end 
of the column is a detector that calculates ion concentrations using electrical conductivity 
measurements. Nitrate anion concentrations were determined using an ICS-110 RFIC ion 
chromatography system with AS22 110 diluent. 
7.4.6 Electrospray ionisation mass spectrometry (ESI-MS) 
Mass spectrometry (MS) measures the mass-to-charge ratio of ions. Electrospray ionisation 
(ESI) fourier-transform ion cyclotron resonance (FT-ICR) MS measurements were recorded in 
negative-ion mode using the standard Bruker ESI sprayer operated in “infusion” mode 
coupled to a SolariX FTICR mass spectrometer. Direct infusion spectra were a sum of 10 
acquisitions. All mass spectra were analysed using DataAnalysis software version 5.0 SR1 
build 203 (Bruker Daltonics) and ions were assigned manually. 
ESI is considered a “soft” ionisation technique meaning that the fragmentation of the 
molecules in the sample is reduced.250, 251 This means that the ionic fragments captured 
within the magnetic field of the instrument should be broadly representative of the 
complexes formed in the organic phase following REE extraction. 
7.4.7 Infrared spectroscopy (IR) 
Infrared (IR) spectroscopy measurements were carried out on a PerkinElmer Spectrum 65 FT-
IR spectrometer with a PIKE MIRacle ATR sampling accessory with data collected using 
spectrum software version 10.02. Absorption peaks are reported in wavenumbers (u) (cm-1). 
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7.4.8 Nuclear magnetic resonance (NMR) spectroscopy 
Nuclear magnetic resonance (NMR) spectra were recorded at 298 K (unless otherwise stated) 
on a Bruker AVA400, AVA500 or AVA600 spectrometer operating at 399.90, 500.12, or 599.95 
MHz respectively for 1H, and 100.55, 125.76, or 150.83 MHz, respectively, for 13C. 139La 
spectra were recorded on a Bruker AVA400 at 56.56 MHz and 15N on a Bruker AVA600 at 
60.94 MHz. Chemical shifts are reported in  (ppm). 
7.4.9 Ultraviolet-visible light (UV-Vis) spectrophotometry 
Ultraviolet-visible light (UV-Vis) measurements to determine Fe2+ and Fe3+ concentrations 
were carried out on a Jenway 6300 spectrophotometer.225 To 2 mL of a standard or unknown 
sample, 0.2 mL of sodium 3-(2-pyri-dyl)-5,6-diphenyl-1,2,4-triazine-p,p'-disulfonic acid 
(Ferrozine) (0.01 M) in ammonium acetate (0.1 M) was added and the absorbance recorded 
at 568 nm (section 4.5). 1.6 mL of the resulting solution was then added to 0.3 mL of a 
hydroxylamine.HCl (1.4 M) in HCl (2.0 M) solution and the mixture allowed to react (10 
minutes). Then 0.1 mL of ammonium acetate (10.0 M) buffered to pH 9.5 with ammonium 
hydroxide was added and the absorbance of the mixture recorded at 568 nm. 
7.5 Compound synthesis 
7.5.1 IL0 
IL0 – trioctyl methylammonium nitrate (IUPAC: N-methyl-N,N-dioctyloctan-1-aminium 
nitrate) 
 
Iodomethane (4.44 g, 31 mmol) was added dropwise to a stirred solution of trioctylamine 
(8.85 g, 25 mmol) in THF (100 mL).124, 134 The mixture was then allowed to react (12 h, 40 °C, 
N2 flow). The crude mixture was concentrated under vacuum, diluted with chloroform (50 
mL), and contacted with an aqueous solution of sodium nitrate (7.0 M, 50 mL, three times) 
(1 h, 25 °C) then washed with water (50 mL). The organic phase was separated, dried over 
sodium sulfate and concentrated under vacuum to yield a viscous orange oil (99 %). 1H NMR 
(500 MHz, CDCl3): H 3.35–3.41 (m, 6H, NCH2), 3.24 (s, 3H, NCH3), 1.64–1.74 (m, 6H, CH2), 
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1.23–1.43 (m, 30H, CH2), 0.89 (t, 9H, CH3). 13C NMR (126 MHz, CDCl3): C 61.70, 48.83, 31.62, 
29.10, 29.01, 26.30, 22.57, 22.43, 14.04. ESI-MS (m/z) C25H54N [M+] calculated 368.4251 
found 368.4267.  
7.5.2 Amido-ammonium ILs 
1AA intermediate - (IUPAC: N,N-dioctylglycinamide) 
 
To a sealed, nitrogen-flushed round-bottom flask of acetonitrile (50 mL), 2-chloroacetamide 
(2.34 g, 25 mmol) was added dropwise. Dioctylamine (14.5 g, 60 mmol) was added dropwise 
and the reaction stirred (12 h, 60 °C, N2 flow). The mixture was concentrated under vacuum 
and then re-dissolved in ethyl acetate (75 mL) and a water/brine (1:1) solution added (75 
mL). A saturated solution of sodium hydrogen carbonate (25 mL) was added and the solution 
stirred (1 h, 20 °C). The organic phase was then separated and dried over sodium sulfate, 
concentrated under vacuum and purified using column chromatography (9:1 hexane:ethyl 
acetate) to yield a clear viscous liquid (95%). 1H NMR (CDCl3, 500 MHz): δH 7.22 (s, 1H, NH2), 
5.35 (s, 1H, NH2), 3.04 (s, 2H, OCCH2), 2.48 (t, 4H, NCH2), 1.42-1.51 (m, 4H, CH2), 1.24-1.36 
(m, 20H, CH2), 0.88-0.94 (tzz, 6H, CH3); 13C NMR (CDCl3, 125 MHz) δC (ppm) 175.16, 58.61, 
55.49, 31.83, 29.50, 29.29, 27.41, 27.34, 22.65, 14.09. ESI-MS (m/z) C18H36N2O [M+H]+ 
calculated 299.307 found 299.305. 
 
1AA – Primary amido-ammonium (IUPAC: N-(2-amino-2-oxoethyl)-N-methyl-N-octyloctan-1-
aminium nitrate) 
 
To a sealed, nitrogen flushed round bottom flask of THF (30 mL), 2-(dioctylamino) acetamide 
(1.09 g, 3.65 mmol) was added slowly. Iodomethane (0.57 g, 4 mmol) was added dropwise 
and the reaction stirred (12 h, 40 °C, N2 flow). The general procedure for IL0 was then 
followed to yield a clear viscous liquid (77%).124, 134 1H NMR (CDCl3, 500 MHz): δH 8.77 (s, 1H, 
NH2), 5.67 (s, 1H, NH2), 4.48 (s, 2H, OCCH2), 3.43-3.63 (m, 4H, NCH2), 3.26 (s, 3H, NCH3), 1.69-
1.81 (m, 4H, CH2), 1.24-1.42 (m, 20H, CH2), 0.88-0.94 (m, 6H, CH3); 13C NMR (CDCl3, 125 MHz) 
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δC (ppm) 129.03, 128.22, 125.29, 62.95, 31.57, 28.96, 26.25, 22.55, 22.44, 21.66, 14.03. ESI-




To a sealed, nitrogen flushed round bottom flask of DCM (100 mL), propylamine (3.0 g, 50 
mmol) was added slowly. Chloroacetyl chloride (11.3 g, 0.1 M) was added dropwise over ice 
and with stirring. The mixture was allowed to proceed with stirring (1 h, 0 °C then 1 h, 40 °C, 
N2 flow).21 The reaction was quenched with DI water (10 mL) and the organic phase washed 
with saturated sodium hydrogen carbonate solution (30 mL, three times). The organic phase 
was dried over sodium sulfate and concentrated under vacuum to yield a faintly yellow liquid 
(94%). 1H NMR (CDCl3, 400 MHz): δH 6.61 (s, 1H, NH), 4.06 (s, 2H, OCCH2), 3.25-3.32 (m, 2H, 
HNCH2), 1.53-1.63 (m, 2H, CH2), 0.96 (t, 3H, CH3); 13C NMR (CDCl3, 100 MHz) δC (ppm) 165.76, 
42.69, 41.52, 22.60, 11.25. 
 
2AA intermediate - (IUPAC: N,N-dioctyl-N-propylglycinamide) 
 
Potassium carbonate (10.1 g, 72.8 mmol), and potassium iodide (3.78 g, 22.8 mmol) were 
added to acetonitrile (150 mL). Then, 2-chloro-N-propylacetamide (2.47 g, 18.2 mmol) was 
added dropwise. Dioctylamine (4.60 g, 19.1 mmol) was then added dropwise. The mixture 
was then allowed to react with stirring (24 h, 80 °C, N2 flow).240 The mixture was cooled, 
gravity filtered and then concentrated. The mixture was then diluted with chloroform (150 
mL) and filtered again. The crude product was concentrated then purified using column 
chromatography (8:2 hexane:ethyl acetate) to yield a faintly yellow liquid (95 %). 1H NMR 
(CDCl3, 400 MHz): δH 7.36 (t, 1H, NH), 3.18-3.25 (m, 2H, HNCH2), 2.99 (s, 2H, OCCH2), 2.42 (t, 
4H, (NCH2), 1.47-1.57 (m, 2H, CH2), 1.36-1.44 (m, 4H, CH2), 1.21-1.30 (m, 20H, CH2) 0.92 (t, 
3H, CH3), 0.87 (t, 6H, CH3); 13C NMR (CDCl3, 100 MHz) δC (ppm) 171.89, 58.75, 55.53, 40.52, 
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31.82, 29.49, 29.29, 27.45, 22.94, 22.65, 14.08, 11.42. ESI-MS (m/z) C21H44N2O [M+H]+ 
calculated 341.353 found 341.352. 
2AA – Secondary amido-ammonium (IUPAC: N-methyl-N-[2-oxo-2-(propylamino)ethyl]-N-
octyl octan-1-aminium nitrate) 
 
To a sealed, nitrogen flushed round bottom flask of THF (30 mL), 2-(dioctylamino) acetamide 
(1.09 g, 3.65 mmol) was added slowly. Iodomethane (0.57 g, 4 mmol) was added dropwise 
and the reaction stirred (12 h, 40 °C, N2 flow). The general procedure for IL0 was then 
followed to yield a yellow liquid (90%).124, 134 1H NMR (CDCl3, 500 MHz): δH 8.65 (t, 1H, NH), 
4.43 (s, 2H, OCCH2), 3.50-3.61 (m, 2H, NCH2), 3.40-3.50 (m, 2H, NCH2), 3.25 (s, 3H NCH3), 
3.16-3.26 (m, 2H, NCH2), 1.69-1.76 (m, 4H, CH2), 1.54-1.61 (m, 2H, CH2), 1.20-1.37 (m, 20H, 
CH2), 0.91 (t, 3H, CH3), 0.86 (t, 6H, CH3); 13C NMR (CDCl3, 125 MHz) δC (ppm) 162.74, 62.92, 
61.34, 53.44, 49.37, 41.53, 31.57, 28.98, 26.25, 22.54, 22.51, 22.22, 14.02, 11.53. ESI-MS 
(m/z) C22H46N3O4 [M-H]- calculated 416.348 found 416.348. 
(IUPAC: 2-chloro-N,N-dipropylacetamide) 
 
To a sealed, nitrogen flushed round bottom flask of DCM (100 mL), dipropylamine (5.05 g, 50 
mmol) was added slowly. Chloroacetyl chloride (6.8 g, 60 mmol) was added dropwise over 
ice and with stirring (1 h, 0 °C then 1 h, 40 °C, N2 flow). The reaction was quenched with DI 
water (10 mL) and the organic phase washed with saturated sodium hydrogen carbonate 
solution (30 mL, three times). The organic phase was dried over sodium sulfate and 
concentrated under vacuum to yield a yellow liquid (70%). 1H NMR (CDCl3, 600 MHz): δH 4.06 
(s, 2H, OCCH2), 3.23-3.32 (m, 4H, NCH2), 1.54-1.67 (m, 4H, CH2), 0.94 (t, 3H, CH3), 0.90 (t, 3H, 
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3AA intermediate - (IUPAC: N,N-dioctyl-N,N-dipropylglycinamide) 
 
Potassium carbonate (10.1 g, 72.8 mmol), and potassium iodide (3.78 g, 22.8 mmol) were 
added to acetonitrile (150 mL).240 Then, N, N-(dipropyl) chloroacetamide (3.55 g, 20 mmol) 
was added dropwise. Dioctylamine (4.82 g, 20 mmol) was then added dropwise. The mixture 
was then allowed to react with stirring (24 h, 80 °C, N2 flow). The mixture was cooled, gravity 
filtered and then concentrated. The mixture was then diluted with chloroform (150 mL) and 
filtered again. The crude product was concentrated then purified using column 
chromatography (8:2 hexane:ethyl acetate) to yield a yellow liquid (90%). 1H NMR (CDCl3, 
500 MHz): δH 3.35-3.39 (m, 2H, NCH2), 3.20-3.25 (m, 2H, NCH2), 3.20 (s, 2H, OCCH2), 2.44 (t, 
4H, (NCH2), 1.49-1.59 (m, 4H, CH2), 1.37-1.43 (m, 4H, CH2), 1.21-1.29 (m, 20H, CH2), 0.84-0.89 
(m, 12H, CH3); 13C NMR (CDCl3, 125 MHz) δC 170.50, 58.17, 54.48, 52.18, 50.12, 48.80, 47.24, 
31.89, 30.14, 29.64, 29.54, 29.39, 29.29, 29.24, 27.63, 27.53, 27.40, 27.16, 27.08, 22.10, 
20.70, 14.03, 11.38, 11.19. ESI-MS (m/z) C24H51N2O [M+H]+ calculated 383.340 found 383.398. 
 
3AA – Tertiary amido-ammonium (IUPAC: N-[2-(dipropylamino)-2-oxoethyl]-N-methyl-N-
octyl octan-1-aminium nitrate) 
 
To a sealed, nitrogen flushed round bottom flask of THF (50 mL), 2-dioctylamino-N,N-
dipropylacetamide (2.8 g, 7.3 mmol) was added slowly. Iodomethane (2.07 g, 14.6 mmol) 
was added dropwise and the reaction stirred. (12 h, 40 °C, N2 flow). The general procedure 
for IL0 was then followed to yield a yellow viscous liquid (78%).124, 134 1H NMR (CDCl3, 500 
MHz): δH 4.60 (s, 2H, OCCH2), 3.79-3.87 (m, 2H, NCH2), 3.50-3.57 (m, 2H, NCH2), 3.35 (s, 3H, 
NCH3), 3.32-3.37 (m, 2H, NCH2), 3.23-3.28 (m, 2H, NCH2), 1.63-1.73 (m, 4H, CH2), 1.50-1.63 
(m, 4H, CH2), 1.20-1.37 (m, 20H, CH2), 0.96 (t, 3H, CH3), 0.85-0.90 (m, 9H CH3); 13C NMR (CDCl3, 
125 MHz) δC 163.02, 62.93, 58.87, 49.95, 49.13, 47.99, 31.59, 28.99, 28.97, 26.25, 22.59, 
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22.55, 22.07, 20.70, 14.03, 11.31, 11.12. ESI-MS (m/z) C25H53N4O7 [M+H]+ calculated 521.391 
found 521.390. 
7.5.3 Diamido-ammonium ILs 
2AdiA intermediate - (IUPAC: 2,2'-(octylazanediyl)bis(N-propylacetamide)) 
 
Potassium carbonate (13.6 g, 98 mmol), and potassium iodide (5.13 g, 31 mmol) were added 
to acetonitrile (150 mL).240 Then, 2-chloro-N-propylacetamide (6.80 g, 50 mmol) was added 
dropwise. Octylamine (3.23 g, 25 mmol) was then added dropwise. The mixture was then 
allowed to react with stirring (24 h, 80 °C, N2 flow). The mixture was cooled, gravity filtered 
and then concentrated. The mixture was then diluted with chloroform (150 mL) and filtered 
again. The crude product was concentrated then purified using columzn chromatography 
(ethyl acetate) to yield an orange oil (74%). 1H NMR (CDCl3, 400 MHz): δH 6.73 (t, 2H, CONH), 
3.28 (td, 4H, HNCH2), 3.17 (s, 4H, OCCH2), 2.51 – 2.59 (m, 2H, NCH2), 1.53 – 1.61 (qt, 4H, CH2), 
1.43 – 1.51 (m, 2H, CH2), 1.24 – 1.36 (m, 10H, CH2), 0.96 (t, 6H, CH3), 0.90 (t, 3H, CH3); 13C 
NMR (126 MHz, CDCl3) δC 170.42, 59.22, 56.32, 40.96, 31.79, 29.43, 29.22, 27.51, 27.28, 
22.91, 22.63, 14.21, 14.08, 11.39. ESI-MS (m/z) C18H37N3O2Cl [M-H]– calculated 362.258 found 
362.261. 
 
2AdiA – Secondary diamido-ammonium (IUPAC: N-methyl-N,N-bis[2-oxo-2-(propylamino) 
ethyl] octan-1-aminium nitrate) 
 
To a sealed, nitrogen flushed round bottom flask of THF (100 mL), 2,2'-(octylazanediyl)bis(N-
propylacetamide (4.1 g, 12.5 mmol) was added slowly. Iodomethane (4.25 g, 30 mmol) was 
added dropwise and the reaction stirred. (12 h 40 °C, N2 flow). The general procedure for IL0 
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was then followed to yield a yellow viscous liquid (80%).124, 134 1H NMR (CDCl3, 600 MHz): δH 
8.18 (t, 2H, CONH), 4.35 (s, 4H, OCCH2), 3.85 – 3.89 (m, 2H, NCH2), 3.45 (s, 3H, NCH3), 3.22 
(tdd, 4H, HNCH2), 1.74-1.79 (m, 2H, CH2), 1.57 (dt, 4H, CH2), 1.22 – 1.36 (m, 10H, CH2), 0.92 
(t, 6H, CH3), 0.87 (t, 3H, CH3); 13C NMR (CDCl3, 150 MHz) δC 162.43, 63.29, 62.52, 49.97, 41.62, 
31.57, 28.97, 28.91, 26.14, 22.69, 22.55, 22.27, 14.03, 11.39. ESI-MS (m/z) C19H40N3O2 [M]+ 
calculated 342.312 found 342.312. 
 
3AdiA intermediate - (IUPAC: 2,2'-(octylazanediyl)bis(N,N-dipropylacetamide)) 
 
Potassium carbonate (13.6 g, 98 mmol), and potassium iodide (5.13 g, 31 mmol) were added 
to acetonitrile (150 mL).240 Then, N, N-(dipropyl) chloroacetamide (8.89 g, 50 mmol) was 
added dropwise. Octylamine (3.23 g, 25 mmol) was then added dropwise. The mixture was 
then allowed to react with stirring (24 h, 80 °C, N2 flow). The mixture was cooled, gravity 
filtered and then concentrated. The mixture was then diluted with chloroform (150 mL) and 
filtered again. The crude product was concentrated then purified using column 
chromatography (8:2 hexane:ethyl acetate) to yield an orange oil (74%). 1H NMR (CDCl3, 500 
MHz): δH 3.52 (s, 4H, OCCH2), 3.24 – 3.32 (m, 8H, NCH2), 2.68 – 2.73 (t, 2H, NCH2), 1.57 (qt, 
8H, CH2), 1.45 – 1.52 (m, 2H, CH2), 1.22 – 1.33 (m, 10H, CH2), 0.87 – 0.94 (m, 12H, CH3); 13C 
NMR (CDCl3, 125 MHz) δC 170.22, 55.47, 55.20, 48.93, 47.46, 31.85, 29.58, 29.29, 27.75, 
27.42, 22.66, 22.19, 20.89, 14.09, 11.42, 11.21. ESI-MS (m/z) C24H50N3O2 [M+H]+ calculated 
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3AdiA – Tertiary diamido-ammonium (IUPAC: N,N-bis[2-(dipropylamino)-2-oxoethyl]-N-
methyl octan-1-aminium nitrate) 
 
To a sealed, nitrogen flushed round bottom flask of THF (100 mL), 2,2'-(octylazanediyl)bis 
(N,N-dipropylacetamide (5.14 g, 12.5 mmol) was added slowly. Iodomethane (2.12 g, 15 
mmol) was added dropwise and the reaction stirred. (12 h, 40 °C, N2 flow). The general 
procedure for IL0 was then followed to yield an orange viscous liquid (77%).124, 134 1H NMR 
(CDCl3, 500 MHz): δH 5.06 (d, 2H, OCCH2), 4.85 (d, 2H, OCCH2), 4.14 – 4.20 (m, 2H, NCH2), 3.65 
(s, 3H, NCH3), 3.24 – 3.33 (m, 8H, CH2), 1.62 – 1.71 (m, 2H, CH2), 1.54 – 1.61 (m, 8H, CH2), 1.24 
– 1.40 (m, 10H, CH2), 0.98 (t, 6H, CH3), 0.90 (t, 6H, CH3); 13C NMR (CDCl3, 125 MHz) δC 163.12, 
67.98, 63.48, 60.01, 50.52, 49.34, 48.17, 31.58, 29.01, 28.95, 26.11, 25.62, 22.83, 22.57, 
21.97, 20.74, 14.03, 11.30, 11.21. ESI-MS (m/z) C25H52N3O2 [M]+ calculated 426.405 found 
426.405.  
7.5.4 Extended amido-ammonium ILs 
(IUPAC: methyl N,N-dioctyl-β-alaninate) 
 
To methanol (40 mL), methyl acrylate (4.20g, 54 mmol) was slowly added. Dioctylamine 
(12.05g, 50 mmol) was than slowed added and the mixture allowed to stir (24 h, 20 °C).49, 252 
The reaction was then concentrated under vacuum to yield a colourless oil (99%). 1H NMR 
(400 MHz, CDCl3) δH 3.66 (s, 3H, OCH3), 2.77 (dd, 2H, NCH2), 2.43 (dd, 2H, OCH2), 2.37 (t, 4H, 
NCH2), 1.36 – 1.44 (m, 4H, CH2), 1.21 – 1.32 (m, 20H, CH2), 0.88 (t, 6H, CH3); 13C NMR (100 
MHz, CDCl3) δC 173.40, 54.01, 51.48, 49.41, 32.28, 31.87, 29.58, 29.34, 27.53, 27.19, 22.67, 
14.10. ESI-MS (m/z) C20H42NO2 [M+H]+ calculated 328.321 found 328.321. 
 




2ACH2A intermediate (IUPAC: N,N-dioctyl-N-propyl-β-alaninamide) 
 
To propylamine (7.38g, 125 mmol) and 3 Å molecular sieves, methyl N,N-dioctyl-β-alaninate 
was slowly added and the mixture allowed to stir (12 h, 50 °C).243, 244 The mixture was diluted 
with DCM (30 mL), filtered, washed with water (30 mL, two times) dried over sodium sulfate 
and concentrated under vacuum. The crude product was then purified using column 
chromatography (ethyl acetate) to yield a yellow viscous liquid (75%). 1H NMR (500 MHz, 
CDCl3) δH 8.58 (t, 1H, NH), 3.19 (td, 2H, HNCH2), 2.64 (dd, 2H, HCH2), 2.43 (t, 4H, NCH2), 2.35 
(dd, 2H, OCCH2), 1.49 – 1.53 (m, 2H, CH2), 1.42 – 1.48 (m, 4H, CH2), 1.24 – 1.36 (m, 20H, CH2), 
0.94 (t, 3H, CH3), 0.90 (t, 6H, CH3); 13C NMR (125 MHz, CDCl3) δC 172.85, 53.30, 50.52, 40.69, 
32.69, 31.82, 29.55, 29.30, 27.66, 26.66, 22.89, 22.65, 14.07, 11.59. ESI-MS (m/z) C22H46N2O 
[M+Cl]– calculated 389.330 found 389.335. 
 
2ACH2A (IUPAC: N-methyl-N-octyl-N-[3-oxo-3-(propylamino)propyl]octan-1-aminium 
nitrate) 
 
To a sealed, nitrogen flushed round bottom flask of THF (100 mL), N,N-dioctyl-N-propyl-β-
alaninamide (2.66g, 7.5 mmol) was added slowly. Iodomethane (2.85g, 20 mmol) was added 
dropwise and the reaction stirred (12 h, 40 °C, N2 flow). The general procedure for IL0 was 
then followed to yield a yellow liquid (88%).124, 134 1H NMR (600 MHz, CDCl3) δH 7.97 (t, 1H, 
NH), 3.69 (t, 2H, NCH2), 3.32 (t, 4H, NCH2), 3.17 (t, 2H, HNCH2), 3.15 (s, 3H, NCH3), 2.98 (t, 2H, 
COCH2), 1.63 – 1.70 (m, 4H, CH2), 1.50 – 1.56 (m, 2H, CH2), 1.19 – 1.36 (m, 20H, CH2), 0.89 (t, 
3H, CH3), 0.85 (t, 6H, CH3); 13C NMR (150 MHz, CDCl3) δC 168.52, 62.10, 58.43, 48.62, 41.62, 
31.60, 29.47, 29.07, 28.99, 26.28, 22.55, 22.47, 14.02, 11.57. ESI-MS (m/z) C23H49N2O [M]+ 
calculated 369.384 found 369.386. 
 
 






To a sealed, nitrogen flushed round bottom flask of DCM (100 mL), dipropylamine (5.05 g, 50 
mmol) was added slowly. Acryloyl chloride (4.53 g, 50 mmol) was added dropwise over ice 
and with stirring (1 h, 0 °C then 1 h, 20 °C, N2 flow). The reaction was quenched with DI water 
(10 mL) and the organic phase washed with saturated sodium hydrogen carbonate solution 
(30 mL, three times). The organic phase was dried over sodium sulfate and concentrated 
under vacuum to yield a yellow liquid (40%). 1H NMR (500 MHz, CDCl3) δH 6.56 (dd, 1H, CH), 
6.36 (dd, 1H, CH), 5.67 (dd, 1H, CH), 3.26 – 3.40 (m, 4H, NCH2), 1.56 – 1.66 (m, 4H, CH2), 0.93 
(t, 6H, CH3). 13C NMR (125 MHz, CDCl3) δC 166.00, 127.96, 127.43, 49.78, 48.28, 22.84, 21.02, 
11.43, 11.18. 
 
3ACH2A intermediate (IUPAC: N,N-dioctyl-N,N-dipropyl-β-alaninamide) 
 
 
To methanol (125 mL), N,N-dipropylprop-2-enamide (3.20g, 20 mmol) was slowly added. 
Dioctylamine (5.45g, 22.5 mmol) was than slowed added and the mixture allowed to stir (24 
h, 60 °C).49 The reaction was then concentrated under vacuum to yield a colourless oil and 
purified using column chromotorgraphy (3:7) hexane:ethyl acetate to yield an orange oil 
(25%).1H NMR (500 MHz, CDCl3) δH 3.28 (t, 2H, NCH2), 3.22 (t, 2H, NCH2), 2.81 (t, 2H, OCCH2), 
2.47 (t, 2H, NCH2), 2.43 (t, 4H, NCH2), 1.65 – 1.58 (m, 2H, CH2), 1.58 – 1.52 (m, 2H, CH2), 1.49 
– 1.42 (m, 4H, CH2), 1.32 – 1.25 (m, 20H, CH2), 0.94 (t, 4H, CH3), 0.90 (t, 9H, CH3); 13C NMR 
(125 MHz, CDCl3) δC 171.82, 54.38, 50.35, 49.76, 47.52, 31.87, 31.28, 29.59, 29.33, 27.65, 
27.17, 22.67, 22.37, 21.00, 14.10, 11.43, 11.26. ESI-MS (m/z) C25H53N2O [M+H]+ calculated 
397.415 found 397.415. 
 
 




3ACH2A (IUPAC: 3-(dioctylamino)-N-methyl-N,N-dipropylpropanamidium nitrate) 
 
To a sealed, nitrogen flushed round bottom flask of THF (100 mL), N,N-dioctyl-N,N-dipropyl-
β-alaninamide (2.98g, 7.5 mmol) was added slowly. Iodomethane (2.85g, 20 mmol) was 
added dropwise and the reaction stirred (12 h, 40 °C, N2 flow). The general procedure for IL0 
was then followed to yield an orange oil (70%).124, 134 1H NMR (500 MHz, CDCl3) δH 3.67 (t, 2H, 
NCH2), 3.39 – 3.47 (m, 6H, NCH2), 3.26 – 3.32 (m, 2H, NCH2), 3.22 (s, 3H, NCH3), 3.12 (t, 2H, 
OCCH2), 1.66 – 1.76 (m, 4H, CH2), 1.52 – 1.61 (m, 2H, CH2), 1.24 – 1.44 (m, 20H, CH2), 1.00 (t, 
3H, CH3), 0.91 (m, 9H, CH3); 13C NMR (125 MHz, CDCl3) δC 167.77, 62.44, 58.73, 49.33, 48.74, 
47.81, 31.62, 29.13, 28.97, 26.69, 26.26, 22.57, 22.55, 22.08, 20.81, 14.04, 11.41, 11.16. ESI-




To a sealed, nitrogen flushed round bottom flask of DCM (125 mL), propylamine (2.96 g, 50 
mmol) was added slowly. 3-chloropropionyl chloride (7.56 g, 60 mmol) was added dropwise 
over ice and with stirring (1 h, 0 °C then 1 h, 20 °C, N2 flow). The reaction was quenched with 
DI water (15 mL) and the organic phase washed with saturated sodium hydrogen carbonate 
solution (30 mL, three times). The organic phase was dried over sodium sulfate and 
concentrated under vacuum to yield a colourless oil (77%). 1H NMR (500 MHz, CDCl3) δH 5.67 
(s, 1H, NH), 3.83 (t, 2H, OCNz2), 3.28 (td, 2H, HNCH2), 2.64 (t, 2H, ClCH2), 1.57 (tq, 2H, CH2), 
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To a sealed, nitrogen flushed round bottom flask of DCM (125 mL), dipropylamine (5.05 g, 50 
mmol) was added slowly. 3-chloropropionyl chloride (7.56 g, 60 mmol) was added dropwise 
over ice and with stirring (1 h, 0 °C then 1 h, 20 °C, N2 flow). The reaction was quenched with 
DI water (15 mL) and the organic phase washed with saturated sodium hydrogen carbonate 
solution (30 mL, three times). The organic phase was dried over sodium sulfate and 
concentrated under vacuum to yield a colourless oil (68%). 1H NMR (400 MHz, CDCl3) δH 3.87 
(td, 1H, OCCH2), 3.78 (td, 1H, OCCH2), 3.29 (dt, 4H, NCH2), 2.85 (dt, 3H, ClCH2), 1.52 – 1.71 (m, 
4H, CH2), 0.88 – 0.99 (m, 6H, CH3). 13C NMR (100 MHz, CDCl3) δC 169.18, 49.55, 47.71, 40.33, 
36.14, 22.26, 20.94, 11.37, 11.23. 
 
7.6 Computational methods 
7.6.1 Overview 
Computational chemistry simulations can be broadly defined as classical or quantum 
mechanical (QM), depending on what approximations are involved. Classical mechanics (also 
known as molecular mechanics (MM)) (section 7.6.2) makes use of experimentally 
determined or quantum mechanically derived parameters to describe molecules as spherical 
atoms of fixed charge, connected by force constant dependent springs, whereas QM 
calculations describe matter through the multi-electron Schrodinger equation (section 7.6.3).  
Both QM and MM simulations have their own advantages and disadvantages. MM 
simulations are much less computationally demanding, and as such are more suited towards 
studying large systems (>> 1000’s atoms). Its strength lies in providing a general overview of 
the formation of large structures and assemblies, but due the absence of electrons in this 
model any property reliant on this information (e.g. bond energies or formation energies) 
cannot be determined. This simulation approach has successfully though been applied to 
study the formation of supramolecular reverse-micelle PtCl6-TBP aggregations, gold-
containing nanoclusters extracted using simple amide ligands, the complexation of ReO4− 
anions by the UO22+ cation and the extraction of Eu cations with a malonamide.21, 43, 187, 253 In 
contrast, QM calculations are more suited towards studying smaller systems (1 - 100’s atoms) 
and where knowledge of properties reliant on electrons such as bond energies and formation 
energies is required. QM calculations have been successfully used to understand selective 
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RhCl5(H2O)2– extraction from HCl solutions, the chelation of protons with an amino-amide 
during PtCl62-  extraction and the binding of Am3+ to a diglcyolamide structural motif.49, 235, 245 
Throughout this thesis both MM and QM simulations are used to gain an understanding of 
what assemblies reside in the organic phase following REE transport from the aqueous 
phase.43, 49, 254 For the REE extraction work performed using ILs in this work (chapters 2 and 
3), as the structure of the extractant species was too complex to be determined solely from 
the experimental data obtained, MM simulations were undertaken to create probable self-
assembly aggregates. The geometries obtained were then pursed further with QM 
calculations to validate the models proposed, in particular to improve upon the ligand and 
counter ion binding motifs, and to determine complex formation energies. In this way the 
modelling work undertaken attempted to rationalise the differences in REE selectivity 
observed in the ligands employed in this work. 
The following sections provide a brief overview of both modelling techniques employed in 
this work.  
7.6.2 Classical molecular dynamics  
Background 
Classical MM simulations consider the entirety of the atom (electrons and nuclei) as a hard-
sphere, of fixed mass, radius, valency and charge. Molecules are built from atoms using a ball 
and stick approach, with bonds being considered as springs according to a harmonic potential 
(Hooke’s Law).  
Molecular mechanics relies on the observation that the structural properties of functional 
groups (e.g. C=O, C-O) are transferable across and between molecules. For instance, all C=O 
bonds are approximately 1.2 Å in length and vibrate around 1750 cm–1, regardless of the 
molecular environment.254 From this an equilibrium geometry and a bond force constant can 
be derived. By extension, the same process applies to bond angles, torsional angles and non-
bonding (electrostatics and van der Waal interactions) (Figure 7.6.2.1). Collecting information 
relating to these terms together creates a force field, and these terms are then used to 
describe the potential energy of the system, as denoted by equation 7.1. 
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Figure 7.6.2.1 – An illustration of bond stretching, bending and twisting and of non-bonding 
interactions. Bonding and stretching can be account for by Hooke’s Law, twisting through a 
series of cosine functions and non-bonding interactions through modelling Lennard-Jones 
potentials.254 
Eq. 7.6.1 – Etotal potential = Σ(bond stretching) + Σ(bond bending) + Σ(torsional angle) + 
Σ(non-bonding terms) 
This equation describes the total potential energy of the system as a linear combination of 
the total energy of bonds stretching and bending, torsional angles and the non-bonding 
terms, and in this way accounts for the energetic penalty associated with bending, twisting 
or stretching a molecule away from its lowest point energy or equilibrium state.254 In this 
work the OPLS-AA force field (Optimised Potentials for Liquid Simulations – All Atoms) has 
been used, as it had previously been successfully benchmarked for related simulations such 
as the modelling of PtCl6-TBP aggregations.43, 255 With the equilibrium geometry reference 
values and force constants (denoted in equation 7.1) provided by the force field, the only 
remaining terms to account for are the atomic charges. These can also be provided by the 
force field, however in the case of unusual molecular species (such as protonated ligands) 
the user has to supplement the force field with this missing data.  
In this work this was done by performing QM simulations (section 7.6.3). For all classical MD 
simulations within this work all atomic charges (excluding REEs and Cl–) were obtained by 
performing QM simulations (section 7.6.3) with the Gaussian 09 programme at the B3LYP 
level of theory and the 6-31+G* basis set to generate mulliken atomic charges. Where 
identical atoms had small variations in Gaussian 09 generated atomic charges these atomic 
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charges were averaged (e.g. the charge on each O within NO3– was averaged). The atomic 
charges of C atoms situated on lipophilic C8 chains of IL0, 1AA, 2AA and 3AA cations were 
also averaged. La, Nd, Dy were manually assigned a charge of 3.00 and Cl manually assigned 
a charge of -1.00. The atomic charges for all molecules and ions used within classical MD 
simulations in this thesis are given below (Table 7.6.2.1) 
Table 7.6.2.1 – The atomic charges for all molecules and ions used within classical MD 
simulations in this thesis. 
 
Molecule or ion 
Atomic charges 
(relevant atom is highlighted in bold) 
La3+, Nd3+ and Dy3+ 3.000 
Cl– –1.000 
H2O O = –0.834, H = 0.417 
H3O+ H = 0.548, O = –0.644 
NO3– N = 0.661 , O = –0.554 
CHCl3 C = –0.657, H = 0.327, Cl = 0.110 
 
H3C = –0.040, CH3 = 0.028, H = 0.062, 
Ca = –0.050, Cb = –0.059, Cc = –0.062 
 
N = –0.388,  
H = 0.000,  
C = 0.056 
 
H3CN = –0.392, H2N = –0.737, NH2 = 0.372, 
OC = 0.613, CO = –0.469, OCC = 0.181, 
C = 0.062, H = 0.000 
 
H3CN = –0.385, HN = –0.593, NH = 0.341, 
OC = 0.624, CO = –0.502, OCC = 0.164,  
HNC = 0.229, C = 0.059, H = 0.000 
 
H3CN = –0.411, OCN = –0.393, OC = 0.613, 
CO = –0.518, OCC = 0.165, OCNC = 0.179,  
C = 0.056, H = 0.000 
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MD simulation programmes such as LAMMPS, working from the force field conditions 
inputted by the user, predict where atoms, molecules and ions will be a certain time step 
into the future and move accordingly. The time step (the time between each frame of a 
simulation) chosen in all the MD simulations present within this thesis was 0.5 fs as a balance 
between length of total simulation and simulation reliability. The process is repeated for a 
desired length of time (number of steps) resulting in a ‘molecular movie’ where the frames 
of the movie are comprised of the changing positions of the components studied.249 At each 
time step the forces (F) on the atoms are calculated. From the forces the acceleration (a) and 
velocity (v) of the atoms present can be calculated and used to predict the position (r) and 
velocities of the atoms at the next time step (Figure 7.6.2.2). This is then continued for a 
desired length of time.256 
 
Figure 7.6.2.2 – MD simulation steps. F = force, a = acceleration, m = mass, t = time, v = 
velocity and i = iteration  
Simulation set-up 
All classical molecular dynamics simulations were carried out using the LAMMPS (Large-scale 
Atomic/Molecular Massively Parallel simulator) programme on the University of Edinburgh 
high-performance ECDF Linux Compute Cluster (Eddie Mark 3).255 Each MD LAMMPS 
simulation started from an initial model that was constructed using Packmol and was 
comprised of the desired number of the respective components (e.g. IL, nitrate anions, water 
molecules, toluene molecules and La) randomly distributed in a cubic simulation cell of length 
60 Å.257 The QM optimised structures of the components packed in the cubic simulation cell 
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were obtained from geometry optimisation calculations with Gaussian 09 (section 7.6.3).258 
The Packmol generated xyz coordinate file was converted into a LAMMPS data file using the 
Visual molecular dynamics (VMD) Topo tools. Remaining parameters (atom masses, pair 
coefficients, bond, angle and dihedral parameters) were manually added to the data file.259 
Atomic charges were given as discussed above (Table 7.6.2.1). 
LAMMPS simulations were then accrued for a minimum of 10.2 ns. This included 0.50 ns 
equilibration time under canonical (constant Number of atoms, Volume, and Temperature, 
NVT) ensemble conditions followed by a production run of 9.7 ns under isothermal-isobaric 
conditions (constant number of atoms, pressure, and temperature, NPT). NVT and NPT 
conditions were themostated at room temperature and pressure using the Nosé–Hoover 
thermostat-barostat system.260, 261 An example input script is available in the electronic SI. 
Data analysis and processing 
Processing and analysis of the MD simulation outputs included the use of a number of scripts 
that were based on pre-existing scripts initially developed by Dr K. MacRuary, Dr. R. M. 
Nicholson and Dr I. Carson.43, 249 
A Fortran 95 script titled ‘Scale coordinate script’ was used to position an atom or ion of 
choice at the centre or corner of the cubic simulation cell and then adjust the coordinates of 
every other atom accordingly. This script was primarily used in conjunction with the ‘Porosity 
script’ (below) and for generation of simulation ‘snapshots’ (sections 2.8 and 3.7). 
A Fortran 95 script titled ‘Porosity script’ was used to determine the degree of encapsulation 
of REE or hydronium cations by the lipophilic ammonium cations (Chapters 2 and 3). A probe 
point was fired 10,000 times from random positions on the surface of a sphere of radius 20 
Å, with the REE cation (surrounded by associated ligands) positioned at the centre point 
(Figure 7.6.2.3). The number of probes that hit the centre point was totalled and compared 
as a proportion of the number that hit the surrounding ammonium cations, water molecules 
or nitrate anions, to provide a % REE exposure. Each atom in the model was represented as 
a solid sphere of the appropriate Van der Waals radii. 
Visual molecular dynamics (VMD) was used to provide additional analysis tools, including g(r) 
analyses on the simulation outputs, and to access the Persistence of Vision Ray Tracer (POV-
Ray) programme to render high resolution ‘snapshot’ images of the simulation outputs. 





Figure 7.6.2.3 – The targeting of a centre point with a probe fired 10,000 times from 20 Å 
away to provide a % core exposure. 
7.6.3 Quantum mechanical calculations 
Background 
QM calculations are based upon the Schrödinger equation to model the behaviour and 
interactions of electrons and nuclei.195 It is shown in its simplest form below. 
Eq. 7.6.3.1 –    Ĥ Ψ = EΨ 
The Schrödinger equation is an eigenfunction, where the Hamiltonian operator (Ĥ) acts on 
the wavefunction (Ψ) to yield the permitted energy levels (E) of the molecule in 
consideration. The Schrödinger equation can only be solved exactly for a one-electron 
system. This arises due to the complex correlation between electrons, where the 
electrostatic field of each individual electron affects the position of every other electron 
present. 195 This creates a ‘many body problem’, for which an analytical, and exact, solution 
cannot be obtained.  
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It is for this reason that a series of approximations are required to allow for multi-electron 
and multi-atom calculations.195 Hybrid DFT functionals, such as B3LYP and M06 that are 
present within this thesis, incorporate several theories and approximations including the 
Born-Oppenheimer approximation, Hartree-Fock theory (HF), local density approximation 
(LDA) and Generalised gradient approximation (GGA).195 In brief: 
 The Born-Oppenheimer approximation allows for the nuclei kinetic energy to be 
defined as zero and the nuclei-nuclei repulsion to be calculated classically.195 This 
approximation is possible as heavy nuclei can be considered stationary as the far 
lighter electrons move several orders of magnitude faster. This step aids the 
geometry optimisation process, as it separates the complex process into two steps: 
nuclear positions will be frozen whilst the electronic structure (wavefunction 
optimisation) is computed; the nuclear positions can then be moved in small 
increments to lower the potential energy, re-frozen and a new wavefunction 
calculated. This process is repeated until the geometry optimisation criteria (on 
forces and atomic displacements) are fulfilled.  
 Hartree theory simplifies the electron-electron correlation problem (how the motion 
of one electron effects the motion of another electron) by considering the movement 
of each electron individually in a uniform background field generated by all other 
electrons present.195 This typically accounts for 95-99% of the total energy of the 
system. Attempts to recover the missing correlation energy are referred to as post-
Hartree-Fock calculations.  
 Fock theory provides an exact account of electron exchange (the pairing of electrons 
of opposite spin in one molecular orbital) in accordance with the Pauli Exclusion 
Principle, in effect insuring that no two electrons can have the same four quantum 
numbers. 
Hybrid DFT is a semi-empirical blend of Hartree-Fock and density functional theory (DFT). The 
latter relies on calculation of the electron density, a variable that is experimentally 
observable, to calculate the energy of a system.195 The relation between electron density and 
energy should result in an exact transformation, but in reality the equations required to 
perform this process (known as a functional – a function of a function) are unknown. 
Therefore, as with HF theory, approximations are used. Within DFT two of the most common 
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classes of functional are the local density approximation (LDA) and the generalised gradient 
approximation (GGA), the key points being:  
 LDA is based on the assumption that electron density varies only very slowly over 
space, and therefore is most appropriate for metallic systems.195  
 GGA includes a term to account for a more rapidly varying electron density profile, 
and as such is more appropriate for describing molecules.195 
As DFT approximates both electron correlation and electron exchange, while HF theory 
ignores electron correlation (whilst providing an exact treatment of electron exchange), 
hybrid DFT model chemistry, by mixing HF and DFT together, provides a computationally 
efficient route to modelling the Hamiltonian operator that takes account of both electron 
correlation and exchange terms. The functional B3LYP, used in this work to generate atomic 
charges for MD LAMMPS simulations, is an example of a functional of this type. M06 is also 
a hybrid functional, and has been used in this work for the geometry optimisation of REE-IL 
assemblies formed following classical MD LAMMPS simulation and for the calculation of 
formation energies (Uf).262 M06 includes a correction to account for dispersion interactions 
and this is important when considering multi-component systems as the total energy 
associated with dispersion interactions in multi-component systems can become significant. 
The M06 hybrid functional is also more suited than B3LYP for modelling non-covalent or non-
classical interactions such as those that may be present in molecular assemblies.263 
Basis sets 
The wavefunction (Eq. 7.6.3.1) is a mathematical description of the orbitals in a molecule, 
and can be constructed computationally using Gaussian basis sets.195 These are linear 
combinations of Gaussian functions, to describe the size and shape of atomic orbitals, along 
with additional functions, such as a polarisation functions that allow orbitals to change shape, 
and diffuse functions that allows orbitals to occupy a greater space; the latter are critical to 
model anions, excited-state molecules and highly electronegative elements.26  
The Gaussian basis set 6-31+G* has been used in this thesis, unless otherwise stated, for the 
elements C, H, O and N. In this basis set description, the ‘+’ denotes a diffuse function, the 
‘*’ denotes a polarisation function (both applied to heavy (i.e. non hydrogen) atoms only), 
while the ‘-’ denotes that the basis set is split-valence; this treats the core and valence 
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electrons separately, with the (computationally expensive) electron correlation calculation 
performed for the valence electrons only. The numbers denote that six Gaussian functions 
model the core electrons, while two sets of Gaussian functions (derived from three and one 
functions, respectively) model the valence electrons. 
While increasing the level of basis set by increasing the number of Gaussian functions used 
would improve the accuracy of the calculation there will always be a trade-off against the 
computational demand. Provided the same basis set is used throughout when comparisons 
are made between analogous models, the calculation error will be constant throughout. 
Pseudopotentials 
Elements present in the 3rd row of the period table or higher (e.g. La, Nd and Dy) have a large 
number of core electrons. The core electrons of these heavier elements have a limited 
influence on the chemical properties and reactivity of these heavier elements but due to their 
sheer number require large computational resources to compute.195 They are also subject to 
relativistic effects, which distort the orbits of the inner core orbitals, which in turn affects the 
valence distributions. To solve both problems simultaneously, a pseudopotential (or effective 
core potential) is used to represent the core electrons of heavy elements. By removing the 
core electrons from the simulation, and replacing with a pseudopotential (which mimics the 
core shielding and relativistic effects of the core electrons) the computational demand of the 
simulation is greatly reduced. For La, Nd and Dy in this thesis, the basis set/pseudopotentials 
used were MWB46, MWB49 and MWB55 respectively. 
 Geometry optimisation calculations 
Geometry optimisation calculations allow the minimum energy structure of a molecular 
assembly, a molecule or ion to be determined. Once the minimum energy of structures is 
determined additional information such as formation energies can be calculated. 
Geometry optimisation calculations require an initial input (a starting geometry). A starting 
geometry can be from a number of sources, such as coordinates derived from a crystal 
structure, constructed using a model builder or obtained from a classical simulation. The 
starting geometry should be close to the target minimum energy structure to avoid the 
minimisation process locating an undesirable stationary point on the potential energy 
surface (such as a local minimum or a transition state).195 Once a stationary point has been 
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located, the gradient of the potential energy surface falls to zero and the pre-set convergence 
criteria are met, signalling that a minimum energy structure has been reached. A vibrational 
frequency calculation, which calculates the force constants, can be used to determine if the 
minimum energy structure obtained is a true minimum (all vibrational frequencies are real 
numbers) or a maximum (n vibrational frequencies are imaginary numbers, where n denotes 
the order of the transition state found). Differentiation between local and global minima are 
obtained through comparisons of energies obtained, with the latter representing the lowest 
energy point on the potential energy surface.  
Simplified, a geometry optimisation calculation (Figure 7.6.3.1), begins with the fixing of the 
atoms and application of the Born-Oppenheimer approximation.195 The wavefunction for the 
starting atoms configuration is then estimated and if it results in a lower energy structure 
than the previous structure, the forces on the atoms are calculated, and the force constants 
are estimated (these are computationally demanding calculations, and so an estimate only is 
usually obtained). The force constants provide knowledge of the curvature of the underlying 
potential energy surface, which upon lifting the Born-Oppenheimer approximation, guides 
the movement of the atoms to new, lower energy positions. A new wavefunction, for this 
updated geometry is then obtained. This cycle continues until the new energy matches that 
obtained on the previous cycle, and the convergence criteria (on forces and atomic 
displacements) are met. 




Figure 7.6.3.1 – The simplified flowsheet of a QM geometry optimisation.  
In the work within this thesis structures were considered optimised when the preprogramed 
‘default’ convergence criteria of the Gaussian 09 software package were met and a true 
minimum had been reached (confirmation by a vibrational frequency calculation), except for 
comparatively large input structures exceeding 100 atoms.258 In these instances, structures 
were considered optimised when the ‘loose’ convergence criteria were met. Initial input 
structures for single molecules or ions were built using a model builder. For larger (REE-IL) 
assemblies containing multiple molecules and ions the initial input structures were obtained 
from classical MD simulations.  
QM geometry optimisations were used in this thesis for two applications: 
 To provide optimised starting structures for molecules and ions (Table 7.6.2.1) for 
classical MD LAMMPS simulations to understand what species form in the organic phase 
following REE extraction by ILs (Chapters 2 and 3). 
 To calculate formation energies (Uf) for REE-IL assemblies to try rationalise the 
differences in REE extraction observed experimentally between IL0 and 2AA (Chapters 2 
and 3). The quoted formation energies within the thesis were obtained using the 
calculated values of internal energies (the equilibrium geometry energy – U) for each 
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component (e.g. nitrate anion, water molecule, REE-IL assembly) according to equation 
7.6.3.1: 
Eq. 7.6.3.1 –   Σ U(products) – Σ U(reactants) 
Where an REE-IL assembly is the product while ammonium cations, a REE cation, water 
molecules and nitrate anions are the reactants. 
These values were used to comparable the relative favourability of REE-IL assembly 
formation with a more negative value indicative of a more favourable assembly 
formation. 
This can also be achieved by converting internal energy (U) values to Gibbs free energy 
(G) that allow for greater quantification of thermodynamic favourability. Converting from 
U values to G values requires vibrational frequency calculations for each optimised 
geometry though and these calculations are especially prohibitively computationally 
demanding for the large REE-IL assemblies of 250 or 274 atoms studied in this work. 
Therefore, all formation energies referred to and discussed in this thesis are as according 
to equation 7.6.3.1.
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